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mV  cosa  cosS„  +  Z. 
e  e  e  3 

lb- sec 

c 

wing  chord  or  chord 

of  an  airfoil 

ft 

c 

length  of  the  itvic 

ft 
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lb 

CD 
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Abbreviation 
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Definition 
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e  e  e  e  e  e 
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slug/ sec 
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Ez 
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ct  tee  e  e 

lb 
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lb 
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)  1 / sec 

fl'f2'f3 

coordinate  axes 

— 

F 

force  vector 

lb 

fa 

aerodynamic  force  vector 

lb 

F  F  F 

AX'  AY'  AZ 

aerodynamic  force  components 

lb 

X 

aerodynamic  force  component  in  the  X 
direction  written  in  the  body  axes 
reference  frame 

lb 

fb 

body  axes  reference  frame 

— 

fe 

earth  fixed  reference  frame 

— 

tEC 

earth  centered  reference  frame 

— 

F 
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intermediate  reference  frame 

— 
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gravitational  force  vector 

lb 
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intermediate  reference  frame 

— 
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— 
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— 
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— 
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— 
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Definition 
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q  e  e  e 
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FX' 
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nautical  miles 
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1/sec 
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secor*  1 ,  second s 

— 

1 

SI. 

sea  level 
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serial  number 
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sec 
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or  Symbol  Definition 

THU  trailing  edge  up 

T  /  T  ,  T  thrust  components 

A  Y  u 


TPS 


Test  Pilot  School 


V 


1/2  pV  SC 
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o 

UHF 


lot 

USAF 


USAFTPS 


V 

V 


V 

e 


T«Tros“T 

(Bz/(VBz  -VV)<Tx  -  'YW 

-%Si™T 

(Y/(BzY  -BxV)HTz-  (AZ'/fl)C)TX> 

time  to  damp  to  1/2  amplitude 
1/2  PVelSCT 

6t 

perturbed  velocity  along  X  body  axis; 
VcosB  cosa 

steady  state  velocity  along  X  body  axis 

ultra  high  frequency 
unit  horizontal  tail 
United  States  Air  Force 

United  States  Air  Force  Test  Pilot  Scltool 

perturbed  velocity  along  Y  body  axis 

velocity  in  general,  also  true  velocity 
wind  axes 

equilibrium  velocity  along  wind  axes 

velocity  of  center  of  mass  with  respect 
to  inertial  spice 


Units 

lb 

slug/ sec 

lb 

ft/  sec2 
lb 

1/sec 

sec 

lb 

ft/ sec 
ft/ sec 

ft/ sec 
ft/ sec 

ft/ sec 
ft/ sec 


Abbreviation 
or  Symbol 

Definition 

Units 
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stall  sliced 

ft/ sec,  kt 

W 

perturbed  velocity  along  the  body  Z  axis 
(Vcosssina ) 

ft/ sec 

wrt 

with  respect  to 

— 

W 

airplane  gross  weight 

lb 

wf 

fuel  flow 

lb/hr 

wx 

L  siiia  -  D  cosa 
fie  e  fie  e 

lb 

WX- 

<V<VBz  -  W^x-  <VW 

ft/ sec2 

wz 

-L  cosa  -  D  sina 
fie  e  fie  e 

lb 

wz 

<V/,BzV  -  W),(wz  ‘  (VV>V 

1/sec 

X1'X2'X3 

axes 

— 

VVZB 

axes 

— 

We 

axes 

— 

xex:'yec'zec 

axes 

— 

xi'yi'zi 

axes 

— 

XS'YS'ZS 

axes 

— 

VV7v 

axes 

— 

VV'w 

axes 

— 

X 

force  along  X  axis 

lb 

X 

q 

L  sina 
q  e 

slug- ft/ sec 

*v 

-!)  cos  a  +  L  sina  +  T  cosa_ 

V  e  V  o  V  T 

slug/ sec 

X 

a 

I)  sina  -  D  cosa  +  L  cosa  +  L  sina 
eeaeeeae 

lb 
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4  •  l  -  1  V  •  1 


T  OOUl_. 

4t 

lb 

force  alone  y  axis 

lb 

1/4  pV  SbC 
e  y 

P 

lb- sec 

1/4  pV  SbC 
'  e  v 

1  r 

lb- sec 

1/2  p V  2  SC 
e  y , 

8 

lb 

1/2  pV  2 SC 

e  y6a 

lb 

1/2  pV  2  SC 

y6r 

lb 

force  along  Z  axis 

lb 

-L  cosa 
q  e 

slug  ft/ sec 

-D  sina  -  L  ,coSa 

V  e  v  e 

TvCCSaT 

slug/ sec 

-D  cosa  +  L  sina 

O  G  G  G 

L  cosi  -  D  sina 
a  e  i  e 

lb 
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1  G 
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Abbreviation 
or  Symbol 


Def inition 

inclination  of  thrust  vector  with 
body  X  axis 

sideslip  angle 

equilibrium  sideslip  angle 


Units 


rad ,  deg 


rad ,  deg 


total  aileron  and  spoiler  deflection  rad,  deg 


CAS  aileron  variables  (6^,  6^) 


carmanded  aileron  to  control  actuator 


mechanical  aileron  variables 


aileron  force  input  fran  the  pilot 


c  *> 


total  CAS  aileron  input 


control  deflection  in  general 


rad,  deg 


total  elevator  deflection 


rad,  deg 


CAS  elevator  variables 


rad ,  deg 


carmanded  elevator  to  control  actuator 


meclanical  elevator  variables 


elevator  force  input  fran  pilot 


total  CAS  elevator  input 


rudder  pedal  deflection 


rad ,  deg 


total  rudder  deflection 


rad ,  deg 


CAS  rudder  variables 
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Abbreviation 


i 

or  Symbol 

Definition 

Units 

>* 

6 

re 

ccumanded  rudder  to  oontrol  actuator 

rad 

6 

nn 

meclianical  rudder  variable 

rad 

Ti 

6rp 

rudder  force  input  frcm  pilot 

lb 

>■ 

L 

6t 

tlirottle  deflection 

rad ,  deg 

( 

e 

downwash  angle 

rad ,  deg 

C 

damping  ratio 

— 

6 

pitch  angle 

rad ,  deg 

' 

1 

0 

e 

equilibrium  pitch  angle 

rad,  deg 

0 

w 

pitch  angle  wind  axes 

rad,  deg 

0 

pitch  acceleration 

rad/ sec* 

:c 

V ' 

A 

eigenvalue 

— 

A 

longitude 

deg 

XE 

angle  between  X,  and 

rad ,  deg 

:« 

y 

latitude 

deg 

1 

angle  between  and 

rad ,  deg 

4 

y 

angle  between  £  and 

rad ,  deg 

0 

air  density 

lb-sec*/fu‘* 
si  ug/  ft3 

4 

bank  angle 

rad ,  deg 

* 

G 

equilibrium  bank  angle 

rad ,  deg 

$ 

w 

bank  angle  wind  axes 

rad ,  deg 

< 

»/e 

phi  to  beta  ratio 

— 

yaw  ang 1 e 

rad ,  deg 

Abbreviation 


or  Symbol 

Definition 

Units 

0 

equilibrium  yaw  angle 

rad ,  deg 

V  , 
w 

yaw  angle  wind  axes 

rad ,  deg 

uJ 

frequency 

rad/ sec 

“d 

damped  frequency 

rad/ sec 

“dr 

dutch  roll  frequency 

rad/ sec 

u> 

n 

natural  frequency 

rad/ sec 

U>  -u 

ph 

phugoid  frequency 

rad / sec 

u) 

sp 

short  period  frequency 

rad/ sec 

w 

angular  velocity  vector 

rad/ sec 

“e/i 

angular  velocity  of  E  wrt  F 

O  i. 

rad/ sec 

WEC/E 

angular  velocity  of  wrt 

Cj 

rad/ sec 

“V/EC 

angular  velocity  of  F.;  wrt 

V  h,C 

rad/ sec 

Vi 

angular  velocity  of  Fy  wrt  F 

rad/ sec 

Abstract 


This  report  documents  the  results  of  a  limited  simulation  and  flight 
test  of  the  A-7D  to  detennine  the  effect  of  load  factor  on  aircraft 
handling  qualities.  The  test  condition  was  15,000  feet  indicated 
pressure  altitude,  0.6  indicated  Mach  nunber,  at  load  factors  ranging 
from  1  to  3G's  for  the  meelaanical  and  fully  augmented  flight  control 
configurations.  The  equations  of  notion  were  developed  to  include 
turning  flight.  The  equations  were  linearized  and  put  into  first  order 
form  x  =  Ax  +  Du.  Eigenvalues/eigenvectors,  Argand  diagrams.  Bode 
plots,  and  time  histories  were  used  to  predict  tie  effect  of  load  factor 
on  aircraft  handling  qualities  with  respect  to  MIL-F-8785C.  Linear 
systems  iinalysis  was  useful  in  predicting  aircraft  response  for  doublet 
and  impulse  inputs.  As  load  factor  increased  the  longitudinal  and 
lateral  modes  became  kinematically  coupled,  load  factor  destablized  the 
phugoid  mode.  Load  factor  had  little  affect  on  short  period  dynamics, 
but.  caused  the  parameter  n/a  to  increase  for  the  fully  augmented 
aircraft  resulted  in  the  flying  qualities  degrading  from  level  one  to 
level  two.  The  dutch  roll  mode  dynamics  improved  wnth  an  increase  in 
load  factor.  The  roll  mode  time  constant  increased  with  load  factor; 
however ,  remained  within  level  one  criteria.  Linear  systems  analysis 
was  determine*  1  invalid  for  step  roll  inputs .  Frequency  response 
analysis  slowed  the  affect  of  pole/zero  movement  as  load  factor 
increased.  Flight  test  results  verified  the  trends  predicted  by 
analysis.  In  addition,  flight  test  revealed  that  cross  coupling  between 
the  longitudinal  and  lateral  modes  was  aggravated  by  rapidily  removing 
step  roll  inputs.  The  appendices  contain  plots  as  well  as  detailed 
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Thin  thesis  presents  the  results  of  a  limited  flying  qualities 
evaluation  of  the  A-7D,  at  load  factors  from  1  to  3  G's,  and  a  flight 
condition  of  15,000  feet  indicated  pressure  altitude  (H.  )  at  0.6 

1C 

indicated  much  number  (IMN). 

Background 

Military  Specification  for  Flying  Qualities  of  Piloted  Airplanes 
MIL-F-8785C  [Ref  1]  is  used  by  the  United  States  Air  Force  Test  Pilot 
School  (USAFTPS)  as  a  guideline  for  evaluating  open  loop  handling  quali¬ 
ties  of  various  aircraft.  Mllv-F-8785C  was  republished  in  November  1980. 
This  new  version  replaced  the  old  version  M1L-F-8785B,  and  two  para¬ 
graphs  wore  changed  which  affected  the  Test  Pilot.  School  (TPS)  curricu¬ 
lum.  Paragraph  3.3.4  "Rcl!  ront.ro]  Kfte.-t  lvness"  a  ided  the  requirement 
for  rolls  to  it1  mi*  ia<  *d  :."r  wing:;  h.,v*,l  flight  mu  ircii.  o.teadv  Link 
angles.  This  expmdoi  th<‘  MIU-F-87H5B  requin  !•  >r  mils  ini  t  iatod 
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Mule  performing  step  roll,  inputs  at  other  than  1G,  lonqitu.liii.il  as  well 
as  1  at  oral -direct ional  oscillations  were  observed  during  the  roll,  even 
though  no  longitudinal  inputs  had  been  trade .  Furthermore,  the  sideslip 
oscillations  were  greater  than  initially  anticipated.  Tliis  raised  the 
question  —  What  effect  imy  load  factor  have  on  aircraft  handling 
qualities,  and  can  the  effect,  if  any,  be  predicted  analytically? 

Purpose 

The  primary  purpose  of  this  thesis  is  to  investigate  the  effect  load 
factor  has  on  aircraft  handling  qualities,  and  determine  if  linear 
systems  analysis  can  analytically  predict  the  effect.  The  A-7D  was 
selected  as  the  aircraft  to  analyze  for  several  reasons:  First  it  is 
one  of  the  TPS  curriculum  aircraft  with  telemetry  capability;  second,  it 
has  a  sophisticated  flight  control  system  with  selectable  augmentation 
which  allowed  analysis  of  non-augmented  and  fully  augmented  cases; 
finally,  the  aerodynamic  and  flight  control  data  was  available  for 
mot ie  1 1  ing  purposes . 

Objectives 

The  specific  objectives  of  this  limited  evaluation  were  to: 

1.  Analyze  the  effect  of  load  factor  on  aircraft  dynamics.'  hand  ling 
qua  1  i  t.  i  os . 

2.  Determine  how  well  analytical  tools  (o.g.  eiaenv.ilue.s, 
eigenvectors,  fr<xjueney  response  plots,  computer  models)  can  predict 
aircraft  handling  qualities  based  on  compliance  with  M1L-F-8785C. 

3.  Compare  analytical  results  with  flight  test  results  to  determine 
the  validity  of  using  linear  systems  analysis  to  predict  handling 

final  i  t  j  en  ,|*  other  than  1G. 
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Al  tor  a  general  set  .  >:  <AHi.it  i oi is  of  nntion  were  derived  to  include 
t urning  flight,  they  were  linearized  and  written  in  the  familiar  first 
order  linear  state  variable  differential  equation  form. 

x  =  Ax  +  Bu  (1-1) 

where  x  represents  the  state  variable  vector,  and  u  represents  the  input 
vector.  The  A  and  B  matrices  represent  the  aircraft,  and  control 
matrices  respectively.  The  original  set  of  equations  were  expanded  to 
%  *  include  the  A-7D’s  mechanical  anti  augmented  flight  control  systems. 

Analysis  of  this  system  of  equations  was  accomplished  using 
eiqonvnl ues,/ eigenvectors,  argund  diagrams,  Bode  plots,  and  time 
histories.  In  addition,  parameters  required  by  M1L-F-8785C,  such  as  ui  , 
; ,  n/ct,  etc.  were  extracted  to  determine  MIL  SPEC  compliance. 

Flight  test  was  used  to  detennine  the  validity  of  the  analytical 
f  indings,  .ml  to  qualit  itively  eminent  on  the  effect  of  load  factor  on 
mg)  inn  <  v.  :a  1  i  t  i .  . 

For  the  (Ajuat  ions  of  notion  developnent  a  flat  non  rotating  earth, 
f  i  xo  1  in  spao*,  i  ,  inertia  f  ratne  was  used.  The  aircraft  was  assunol 

*  •  >  1*'  a  tigid  tidy  it  fix'd  r.iss  with  the  t  hrust.  vector  lying  in  the 

i  lane  of  .  .'.met  t  y .  'II  :•  •  plane  was  t  h<  •  plane  of  synmet.  ry  and  the  f].<w 

if1:*  .i;|.'|.i|'  w  !•;  '  t  .  ;  iy ,  i  tiia*  i  staid  1  ity  derivative:;  wet'1 


included  in  the  equations  of  notion.  Perturbations  fran  the  equilibrium 
condition  remained  relatively  small  with  the  products  and  squares  of  the 
perturbation  variables  being  negligible.  Atmospheric  properties  were 
considered  constant  during  perturbations  fran  the  equilibrium  condition. 
Sign  Convert t ion 

The  following  sign  convention  is  used: 

1  .  Forces,  moments,  ami  rates  are  positive  with  resjxjct  to  a  right 
handed  coord innte  system  with  the  x-axis  out  the  aircraft  nose,  the 
y-axis  out  the  right  wirtq,  and  the  z-axis  out  the  bottan  of  the  aircraft 
(Figure  1-1). 


Figure  1-1.  Sign  Convention 

2.  Klevator  (Unit  Horizontal  Tail  (IJlfT) )  trailing  edge  down  is 
o>  his  idemd  a  jordtivn  def  1  ect  ion  (NASA  .standard). 

3.  Kudder  t  i'.  i  i  1  irxj  edge  left  i:;  considers!  a  positive  dt' fleet  ion 
(NAHA  st.iiiii.udj. 
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4.  Right  aileron  trailing  edge  down  is  considered  a  tiositive 
deflection  [Ref  3:300]. 

Present  at  ii  >n 

This  tiles  is  is  composed  of  six  chapters.  Chapter  II  summarizes  the 
general  equations  development,  presents  the  aircraft  parameters  and 
stability  derivatives  for  various  load  factors,  and  summarizes  the 
additional  equations  required  to  model  the  flight  control  syston.  In 
addition,  the  A  and  D  matrices  for  various  load  factors,  and  flight 
control  configurations  are  presented.  Chapter  III  presents  the 
analytical  predictions  of  the  effect  of  load  factor  on  the  handling 
qualities.  Chapter  IV  discusses  and  presents  the  results  of  the  flight 
test  portion  of  the  study.  Chapter  V  compares  the  analytical  and  flight 
test  results,  and  Chapter  VI  gives  the  conclusions  and  recommendations . 


II.  Development  of  Equations 


C6 


C5 


Intraiuction 

This  chapter  sunmarizes  the  general  equations  of  motion  development, 
presents  the  aircraft  parameters  and  stability  derivatives  for  the  load 
factors  considered,  and  sunmarizes  the  additional  equations  required  to 
model  the  flight  control  system.  Tb  supplement  this  chapter,  Appendix  A 
contains  a  detailed  explanation  of  reference  frames;  Appendix  B  contains 
a  very  detailed  derivation  of  the  equations  of  motion  for  level  turning 
flight  which  can  be  simplified  for  straight  and  level  unaccelerated 
flight;  Appendix  C  contains  an  explanation  of  the  A-7D's  flight  control 
system  along  with  the  derivation  of  the  additional  state  equations 
required  to  include  the  flight  control  systan  in  the  computer  model. 
Equations  of  Motion 

The  sum  of  the  external  forces  are  equal  to  the  time  rate  of  change 
of  the  linear  momentum,  and  the  sun  of  the  applied  moments  is  equal  to 
the  time  rate  of  change  of  the  angular  mcmentum.  Yes,  Newtons  Second 
Law  was  the  starting  point  for  this  development.  The  standard 
assumptions  that  the  earth  is  fixed  in  space,  the  aircraft  is  a  rigid 
body,  and  the  aircraft's  mass  remains  constant  were  made,  which  are 
valid  assumptions  for  this  purjxose.  The  equations  wore  derived  in  body 
axes  to  allow  direct  comparison  with  flight  test  data.  This  is  because 
the  flight  test  instrumentation  system  measures  body  axes  as  opposed  to 
stability  axes  angular  rates.  Furthermore,  flight  control  feedbacks  are 
also  body  axes  quantities.  Grouping  the  three  force,  moment,  and 
kinematic  equations  developed  in  Appendix  A  into  the  following  set 
allows  tiie  ,.r>Hon  of  the  aircraft  to  be  described. 


Forces 


X :  T  +  F „ „  -  im  sin  0  =  m(u  +  qw  -  rv) 

oosaT  AX]^ 

Y:  F  +  mg  sin  $  cos  G  =  m(v  +  ru  -  pw) 
ayb 

Z:  -T  sin  a  +  F  +  mg  cos  <J  cos  0  =  m(w  +  pv  -  qu) 

1  n/i  . . 


Moments 

L  =  p  I  -rl  +  qr(I  -  I  )  -  pq  I 

ir  v  '7  -  '  77  \r\r'  1  1 


XZ 


zz  yy 


xz 


M  =  q  I  +  pr(I  -  I  )  +  I  (p2  -  r2 ) 

W  xx  zz  xz  ^ 

N  =  r  I  -pi  +  pq( I  -  I  )  +  qr  I 

zz  r  zx  yy  xx  ^  xz 


Kinematics 

♦  =  p  +  q  sin  *  tan  9  +  r  cos  4>  tan  9 

0  =  q  oos  i>  -  r  sin  <t 

i(/  =  [  q  sin  4>  +  r  cos  <t  ]  sec 


(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 


(2.7) 

(2.8) 
(2.9) 


Note:  since  none  of  the  equations  depend  on  41,  the  41  equation  can  be 
cmi  tted . 

Tb  correlate  the  force  equations  with  variables  used  in  the  A-7P 
Aerodynamic  Data  report  [Ref  4],  and  those  measured  fran  flight  test, 
they  were  written  in  terms  of  V,  a,  8,  L,  D,  Y,  p,  q,  r,  *,  and  9,  as 
detailed  in  Appendix  13. 
where 

V  =  free  stream  true  velocity 
a  —  angle  of  attack 
8  =  angle  of  sideslip 


L  -  lift 


Y  =  side  forex 


p,  q,  r  =  Indy  axes  rates 


$  =  tank  angle 


9  =  pitch  angle 


which  yield 
X  Force  Equa t i on : 

-Dcosa  +  Tcosa^  =  m  VcosaCOsB  -  VasinacosB  -  VBCOSasinB  + 
q(VsinacosB)  -  r(Vsine)  +  gsine  j 


Y  Force  Equation: 


Y  =  m  Vsins  +  Vbcosb  +  r(VcoSacosB)  -  p(VsinaoosB)  - 


gsin'taose 


(2.10) 


(2.11) 


Z  Force  Equation: 


-Osina  -  Lcosa  -  Tsina^  =  m  VsinacosB  +  Vacosacoss 

-V6 sinasinB  +  p(VsinB)  -  q(VcosacosB)  -  gcosjxoose  J  (2.12) 

Linearization ■  At  this  point  there  are  several  approaches  that  can 
be  taken  to  solve  this  system  of  equations.  Numerical  integration 
techniques  can  be  employed  to  solve  the  non  linear  set  of  differential 
equations,  or  the  equations  can  be  linearized  for  a  small  disturbance 
about  an  equilibrium  coni  it  ion  of  interest.  The  linearization  method 
was  chosen  for  this  problem,  and  the  details  of  this  process  are 
contained  in  Appendix  B.  The  linearized  coupled  body  axes  equations  of 
motion  valid  for  steady  level  turns,  and  straight  and  level  flight  are 
summarized  below: 


» 


X-Forco  Equation: 


m  cosa  aosB  AV  +  -mV  sina  aosB  -  L'sina  Aa  +  mV  cosa  sing  At 
00  e  e  e  a 

=  (D  cosa  +  L  sina  +  T  cosa  )  -  mq  sina  cose  +  mr  sing  aV 
'  v  e  v  e  v  I  eee 


+  (D  sina  -  D  cosa  +  L  cosa  +  L  sina  ) 

veeaceeae 


-  nta  V  cosa  cosB  Aa 
-e  c  e  e 


+  L  sina  -  mV  sina  aosg  Aq  +  -mgcose  A9 
q  e  e  e  e  e 


-i  r 

Aq  +  -mgcose^  a9 

cose  AB  +  nV  sing 
;  e  e  e 


+  niq  V  sina  sins  +  mr  V  cosB 
le  e  e  e  e  e  e 


+  L  sinac  -  cosae  &Q  +  cosaT  6^ 
e  e  T 


(?.13) 


Y  Force  Equation: 


msing  AV  +  mV  cosB  AB  =  - 
e  e  e 


mVeCOSBe  AB  =  -mrecosaecosBc  +  mpesinaecosBe  aV 


+  mr_V^sina  cosg  +  mp^V^cosa^cose ^  Aa  +  -mgsin$esin9e  A9 


"eo  e  e  ee  e  o 


+  |Y  +  mr  V  cosa  sins  -  mp  V  sina  sirte  AB  +  Y  +  mV  sina  cosB  A p 
|_  6  eeee  ceeej  [  P  eeej 

+  Y  -  mV  cosa  cose  Ar  +  mgcos$  cose  A*  +  Y  6  +  Y  6 

r  e  o  oj  [  j  [  rJ  [  * 


Z  I/brc e  Equa  t  ion : 


i  *  r  i  *  r 

msina  aosBe  AV  +  nVecosaGcosBe  +  I/cosae  Aa  +  -rriVgSina^inBg 

L  J  L 

=  (-D  sinae  -  Ivoosaf)  -  TvsinaT)  -  mp^sinB^^  +  mqeCosaecosBe  AV 


-[)  cv  a  +  L  sina  -  L  oosa 

t »  i '  r>  t :  a  ‘ 


11  sina 
a  r* 


-  itk  i  V  sina  COSB  A  a 
v  o  e  e 


I 


<  V, 


L  cosa  +  nV  fxisa  arxsg 
q  e  o  e  c 


Aq  + 


-mii'isi  : ; mu 
e  e 


-mp  V  cose  -  inq  V  cosa  si  ng 
*<2  e  e  t?  c  e  e 


AB  + 


-nV  sing 
c  e 


AO 


AP  + 


-rrrjsint  ooso 

l.*  t.J 


-L  cosa  -  D  sina 
6  e  6  e 
e  g 


fie  -  T6Tsi,k>TST 


(2.15) 


L  Moment  Equation:  (Rolling  Moment) 

I  AP  -  I  at  =  |  r  (I  -  Ij  +  p^I 
X  xz 


Aq  + 

\l" 

AB  + 

J 

_  J 

6  e  xz 


AP 


Ar  +  L  6  +  L  6 

6  r  6  a 
r  a 


i  +  q  (I  -  I  ) 
r  a2  y  z 

M  Moment  Equation:  (Pitching  Moment) 


I  Aq  -  M"  Aa  =  M  AV  +  M  Aa  +  M  Aq  + 
y  a  v  a  q 


(2. 16) 


r  (I  -  I  )  -  2p  1 
e  z  x  xz 


AP 


+  [‘ 


p  (I  -  I  )  +  2r  I 
re  z  x  e  xz 


At  +  M^«e  + 


(2.17) 


N  Moment  Equation:  (Yawing  Moment) 


Ur  -  I  Ap 
z  zx  2 


p  (I  -  I  )  -  r  I 
x  y  e  xz 


Aq  +  Nab  + 

D 


a  (I  -  I  )  +  N 
h2  x  y  p 


Ap 


-q  I  +  N 
e  xz  r 


AT  +  N  fi  +  N  6 

fit*  6  fi 

r  a 


(2.18) 


■f  Ec  n  l.  i  f  i  <  in  : 


A  i> 


r  cosj  sec2  o  +  q  sin$  see2e 
e  e  e  e  e  e 


A9  + 


sm$  tang 
e  e 


Aq 


+  Ap  + 


9  liquation: 


A  9 


cos$  tane  1 

At  + 

q  cos$  tans 

-  r  sin$  tane 

c  e  e 

e  e  c 

A*  (2.19) 


cos# 

Aq  + 

-si  n$ 

A  r  + 

-q  sin# 

-  r  cos# 

o 

"J 

G  G 

G  G 

A$ 


(2.20) 
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First  Order  Form.  Writinq  these  equations  in  'ho  familiar 

x  =  Ax  +  Bu  (1.1) 

state  variable  form  allows  for  convenient  modem  control  system 
analysis.  The  state  vector  x,  and  the  input  vector  u  are  defined  as 
follows;  where  the  A's  preceding  each  perturbation  variable  has  been 
rjni  tt  cd . 

V 

a 

q 
e 
6 
r 

r 

$ 

The  6  element  in  the  input  vector  is  included  at  this  point  to  keep 
the  development  general,  however,  the  final  form  will  assume  a  constant 
thrust  setting  and  it  will  be  dropped. 

Since  all  eight  of  these  equations  are  coupled  for  turning  flight, 
t.lie  coefficients  of  the  state  and  input  variables  are  extremely  complex; 
therefore,  a  notation  w:is  developed  to  simplify  the  equations.  The 
definition  of  each  symbol  usod  is  presented  in  the  "List  of  Symbols", 
and  the  details  of  manipulating  the  equations  into  first  order  form  are 
given  in  Appendix  B.  The  first  order  form  of  the  equations  using  the 
simplified  udation  are  listed  below: 


L)  11  AV  +  E  '  'ice  +  l'1  1  Aq  4-  C  ’’A1'1  +  H  1 A  B  +J  1  1  Ap  +  K  ’’AT 
X  X  X  X  X  X  X 


4-  Q  '  '  A  4j  +  W  '6  +  T  1  6  +  R  '  '6  +  S  1  1 6 

x  xe  xT  xr  xa 


(2.22) 

D  1  ‘AV  +  E  1  '  Aa  +  F  '  Aq  +  G  1  1 A  9  +  H  ’  *  AB  +  J  '  1  Ap  +  K  "Ar 
Z  Z  z  z  z  z  z 

+  Q  '  'A*  +  W  '6  +  T  '6„  +  R  '  ‘6  +  S  "6  (2.23) 

2  ZG  ZT  Zf  Zd 

[\  +  W]  4V  +  [M„  +  M?z"]  4“  +  [Mq  +  H(Fz']  « 


+  TM*G  ' ‘"I  Z9  +  fM'H  ‘‘1  AB  +  (r  (I  -  I  )  -  2p  I  +  M‘J  1  'Up 
[_  a  z  J  L  a  z  J  fez  x  exz  a  Z  J 


[‘ 


e  z 


4  2r  I 

4- 

M  K  1  *T 

Ar  4-  | 

' M  Q  "I 

e 

xz 

a  z  J 

[  a  z  J 

1  6  + 

[M 

4-  M'T  1 

1  6™  + 

fM"  R  1  '] 

J  e 

L  fi-J* 

a  z 

J  T 

L  a  z  J 

+  [m:sz"] 

[costj  aq  +  r-sintj  ,.r  4  j^yiiru^  -  re=°s»el 


A® 


(2.24) 

(2.25) 


1 

O 

-AD'' 

1  AV  4-  fE 

-  A  E  " 

]  Aa  4-  f-A  F  '] 

C 

y 

Lly 

y  x 

J  L  y 

y  x 

J  L  y  x  J 

Aq 


+  [G  -  AG  "1  46  +  [H  -  AH  1  '  1  AB  +  [J  -  A  J  "1  Ap 

l  y  y  *  J  Ly  y  x  J  Ly  y  *  J 

+  [~K  -  A  K  "1  AT  +  [Q  -  A  Q  "1  A*  +  f-A  W  '1  6 


[Ky  -  VV]  4r  +  [°y  "  W]  “*  +  [_AyWx'J 


+  r-A  T  ']  {„  +  TR  -  A  R  '  1 1  6  +  rs  -AS  "1  6 

L  y  x  j  T  [y  yxjr  |_  y  yxji 


(2.26) 


£re  (12)  +  Pe(I3)j  Aq  +  Lg  '  AS  +  j^'  4-  qeU3)J  Ap 


[Lr '  +  %(I2)]  Ar  +  L6  '«r  +  L6  '6a 


(2.27) 


|Pe(l4)  +  re(I5)J  Aq  +  Ng'A0  +  j^Np'  4-  q^(  14) j  Ap 


*  [Nr'  +  %(I5)J  lr  +  N5  '  Sr  +  N«  'Sa 


(2-28) 


=  fr  ctjs®  sec2  o  4  q  sin®  sec 2 o]  A9  +  fsin®  tane  "j  Aq 
p  a  n  c  P  a  J  L  °  eJ 

4-  Ap  4-  Toos®  tano  ]  At'  4-  [q  <y>s®  tano 
o  el  I  e  e  e 


r  sin®  tane  1  A®  (2.29) 
e  e  e 


This  system  of  equations  can  be  used  for  any  conventional  airplane  to 
describe  its  notion  during  {xnrturbutions  f ran  straight  and  level  or 
steady  level  turning  flight.  The  A-7D  was  used  in  this  problem  and  trie 
information  required  to  evaluate  these  equations  is  provided  in  the  next 
section . 

A-7D  Parameters  and  Cuta  Package  [laid ling 

The  A-7D  fixed  parameters  for  this  nod el  at  the  specified  flight 
condition  are  presenter!  in  Table  2-1. 

Table  2-1 

Flight  Cbndition  and  Gecmeteric  Parameters 


Symbol 


Altitude 

Mach 

Density 

True  Airspeed 

Dynamic  Pressure 

Weight 

Gravity 

Mass 

Center  of  Gravity 
Wing  Area 
Winn  Spin 

Moan  Aerodynamic  clord 
Moments  or  Inertia 


Product  of  Inertia 


The  A-7  Aerodynamic  Data  refxart  [Ref  4]  emu  the  A-7D  Estimated 


( 


i 

f 


« 


c 

i 


Flying  Qualities  rejxart  [Ref  5]  were  the  primary  sources  for  1 1  ie 

aerodynamic  and  stability  derivative  data  required.  Tlie  data  were  in 

stability  axes  and  several  of  the  derivatives  (such  as  C  ,  C  ,  C  ) 

i  i  n 
r  p  p 

varied  with  angle  of  attack.  Several  steps  as  outlined  be lew  were 
required  to  convert  this  data  to  body  axes  for  each  of  the  load  factors 
of  interest . 

First  it  was  necessary  to  obtain  1G  data  at  the  15,000  ft,  0.6M 
flight  condition.  This  data  was  stored  on  diskette  for  later  access 
using  Data  Creator  (Appendix  D) .  A  program  called  Delta  Alpha  Solver 
calculated  the  change  in  angle  of  attack  and  IMT  (6  )  as  a  function  of 
load  factor.  Since  these  calculations  were  done  in  stability  axes,  this 
program  also  changes  the  stability  axes  load  factors  and  bank  angles  to 
body  axes  (Appendix  D) .  The  results  of  these  calculations  are  listed  in 
Table  2-2. 

TABLE  2-2 

DELTA  ALPHA  SOLVER  RESULTS 


DELTA 

ALPHA 

1  (DEG) 

DELTA 

STAB  ILATOR 
(DEG) 

STABILITY  AXIS 

BODY 

AX1 S 

1  V\.  .r 

AN  il ,! 
(I  LG. 

LOAD 

FACTOR 

(G) 

BANK 

ANGLE 

(DEG) 

LOAD 

FACTOR 

(G) 

1 

0 

0 

1 

0 

1.00 

(  > 

1.56 

-0.88 

1.5 

48.2 

1.49 

48.5 

3.11 

-1.74 

2 

60 

1.97 

60 . 6 

4.66 

-2.59 

2.5 

66.4 

2.44 

67.5 

6.22 

-3.44 

3 

70.5 

2.90 

72.1 

Note: 


■  ire  referenced  to 


Tlie  delta  alpha  aril  delta  stabibuor  values 

Id:  a  =4.36  6  =4.17. 

o  e 

o 

The  program  uses  these  holy  axes  tank  angles  to  calculate  equilibrium 
rates  (pe#  qo.  rfi)  . 

With  the  oqui librium  angles  ot:  att.ack  determined  at  each  load 
factor,  the  data  package  was  re-entered  to  obtain  tliose  stability 
derivatives  affected  by  angle  of  attack  and  those  values  were  stored  on 
diskette  using  Data  Creator .  The  non-dimensional  parameters  obtained 
are  given  in  Table  2-3. 
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Table  2-3  ( G.nt  imk*!  ) 


"leb.suiuil  taruiytiMnic  ,u»l  Et.aliluy  l»;i  iv.ttiw  iVtr.wters 
(15,000  f',  0.6M,  20.71%  M/V,  20,  3. in  !b) 


Livni 

En-tnr 
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1 

2 

r _ 

1 - 

vX  <  ■  S 

; 

'vX  «  *  S 

Axes 

■'•ibil  ity 

1  !,,!y 

j 

Stabil  ity 

j  It 

-  .  ’  ]  r. 

j 

>( 

1 

1 

;  -.vi  ♦  .r 

1  -.-1.2 
] 

- . 7102 

l  “*?1 
1 

. :  .>4 

!  .  1094 

j  .11 79 

.  1  .’4  ’ 

.  1413 

1 

.01 
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-  -  2 344 

- .  2b 

.  11.77 

.  1095 

.  1 49.-3 

.  1 904  | 

.  1662 

.10 

.0241 

.0310 

.0213  i 

i 

.0330 

8.20  E-03 

' 

.02 

-.0642 

-  <*,49 

-.0519 

-.05 

-<•>917 

.  Of  v4o  | 

.0831 

.(H/U 

.  1003 

•  OK 

2.24  E-OJ 

-4.84  E-04 

-.0222 

-.0200 

-4.0  E-03 

■  Olt 

3<>42 

- .  29*  >0 

-.3213 

-.3045 

-  .  3469 

-.31 

-.041 7 

-  .  Of  H  , 

| 

-.0417 

-.OKH2 

-.(417 

-  .  ( Utf 

.01?  i 

■  ■  v«  E  -  •  ‘  ! 

■  !  :  3  7 

r» .  24  K-n.i 

.  f  '  I  1  • 

1 .97  1 

Finally,  the  program  Augmented  MAT  BMAT/Ver  2  (Appendix  D)  is  used 


to  calculate  the  individual  elements  of  the  A  and  B  matrices.  To 
accomplish  this,  several  intermediate  steps  are  performed.  The 
remaining  equilibrium  values  are  calculated  (Table  2-4),  the  stability 
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(! 

12.41 
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-2.22 

41440.57 
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-502377 
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With  all  the  required  numbers  available  the  A  and  B  matrices  are 
produced  for  the  desired  load  factors  1,  2,  and  3G's  in  Tables  2-6.  2-7, 
and  2-8  respectively. 


Table  2-6 

BASIC  A  AND  B  MATRICES  1G 


4-hAIDlI 


-.011 

4.60561 

0 

-5?.!7?5 

0 

D 

•- 

■3 

-1.7E-04 

-1.00049 

.996?? 

0 

0 

) 

5 

:c-o« 

-7.95895 

-.70965 

0 

0 

o 

0 

j 

0 

j 

0 

0 

1 

j 

0 

0 

0 

0 

0 

-.1619 

.0  ?6?0 

-,99*?5 

.050' 

tj 

0 

0 

0 

-?6.74?;i 

44543 

.=45:i 

0 

J 

0 

0 

0 

3. 51033 

- 

- . *6 ’0? 

0 

j 

0 

0 

0 

0 

t 

.  1  b : « 

0 

0-pshIru 

J  0  0 

-.11*71  0  0 

-!S.*5jj4  o  o 

;  o  o 

7  .0*55?  o 

d  7.81296001  -19. *784 

0  -4.45755  .4511* 

0  0  0 


Table  2-7 

BASIC  A  AND  B  MATRICES  2G 

A-WT8II 


.01679 

-47.41174 

•2. IE -Cl 

-1.01135 

2E-04 

-7.Q596? 

0 

0 

-7E-05 

-5.83E-03 

0 

0 

0 

0 

0 

0 

0 

-31.99824 

.996?? 

3.33E-03 

-.70965 

-3.9E-04 

.4903 

0 

0 

-5.79E-03 

-.02712 

0 

5.07E-03 

0 

.11429 

.09955 

27.7211? 

.13277 

5.06t -03 

7.5E-04 

-6.9E-04 

.03937 

0 

0 

-.1619 

.1312! 

-31.11617 

-2.70358 

2.53697 

-.19554 

0 

1 

1.0063? 

-3.60219 

.IE -0* 

-.0*3*4 

6.56E-CJ 

5.031-03 

.87155 

-.09*05 

.98914 

.02*64 

.15*9? 

0 

.47212 

0 

06*29 

0 

P-«aiRii 


0 

-.13471 

•15.95334 

j 

o 

0 

0 

0 


.0:244 
- \i  05 
0 
J 

.01557 

3.41 095 
4.55513 

0 


0 

0 

0 

0 

0 

-la.™*: 

.34535 

0 


21 


i 

J 


ft 


4 


ft 


ft 


ft 


ft 


ft 


ft 


ft 


I.... 


Table  2-8 


BASIC  A  AND  B  MATRICES  3G 


A-nAlRl! 

-.CJ2I9 

-129.25338 

0 

-11.42671 

29.9914? 

??49| 

-1.20113 

-5.51601 

:.ai -C'4 

•1.01903 

.998?: 

&.34F-03 

.0181? 

9. \l  04 

5.4E -04 

-.0466? 

2.18-34 

■  .9«?7J00l 

-.70965 

•T.  38  -04 

2.1803 

.  C  4 !  9 

-.02013 

5.4E-05 

■j 

.  30  7 1  ’ 

0 

•j 

-.95157 

-. 140 93 

-  7t  05 

-.0181? 

0 

8.  n  -03 

-.174=5 

.13419 

-.9=091 

.01531 

0 

a 

*. C2S*0 

0 

-32.01253 

2. 31536 

1  .  33213 

j 

0 

a 

.01516 

0 

•  ’  C  •  a  ’ 

-  16626 

-,431V 

a 

3 

0 

.iv?: 

.  1  4V-.J 

a 

1 

.05:4i 

c 

8  nATK I X 

0 

.02675 

0 

-.1547! 

1  -2E-C5 

0 

-15. 9-; 

334  0 

0 

c- 

0 

0 

0 

.04532 

0 

■) 

6.08365 

•15. 

j 

-4.6732? 

.v: 

0 

U 

0 

Dp  to  this  point  the  programs  used  are  for  any  conventional 
aircraft,  given  a  data  package  in  stability  axes,  to  generate  A  and  B 
matrices  in  body  axes  for  an  aircraft  in  turning  or  straight  and  level 
flight.  The  limitation  at  this  point  is  the  flight  control  system  is 
not  included,  and  depending  on  the  intended  use  of  these  matrices  they 
may  or  may  rot  be  sufficient.  Since  the  intent  of  this  wrk  is  to 
empire  analytical  and  flight  test  data,  the  flight  control  system  must 
1*'  model ed . 

Incorporation  of  the  A-7D  Flight  Control  System 

A  description  of  the  A-7D  flight  control  system,  including 
simplified  block  diagrams  and  detailed  dovelopnent  of  the  differential 
equations  describing  the  system  are  presented  in  Appendix  C. 

Elements  with  bandwidth  greater  than  or  equal  to  20  rad/sec,  which 
i  neludoi  f  he  act  tint  or  dynamics,  w*-re  ignored.  Control  system  limiters 


1 


ir.v  i  !•••••.,  only  being  v.«ii<]  for  a;vi 1  input. s. 

The  Au snouted  AMAT  EMAT/Vor  2  program  (Appendix  D)  uos  these  flight 
control  state  equations  to  supplement  the  origina1  A  and  B  matrices 
already  generated.  A  summary  of  tliese  equations  are  repiated  here  for 
convenience,  and  the  definitions  of  the  notation  can  be  found  in 
Append ix  C  or  the  "List  of  Symbols" . 


Pitch  Avis: 

All  5^'s  in  the  original  equations  will  be  replaced  by 

L  ’  Vcn2  +  b,  +  -25q  (2-30) 

The  mechanical  pitch  path  equation  is 

6  =  . 5[i  +  9.6a  -  . 0855a  ]  -  .5KC  6  (2.31) 

om0  ep  *  Z  f  em^ 

■'ind  die  control  augmentation  path  is  described  by 


5  =  1 .8182[  .0054  5  -  .00054a  +  .003794a]  -  1.8182  6 

e_,  ep  Z  J  e 

oil  Ax  in: 

All  6  's  in  the  original  expiations  will  be  replaced  by 

i  -  5  +  f>  +  .  In 

•!r;,  *j 

T**a  mechanical  pith  equations  result 

5  =25  -12.85 

am  2  an  am^ 

5  -  1.234  <  -  12.5  5 

urn.  am.  am 

i  2  J 

T>»*  tvn  control  . -.u* t ;; xi  mole]  equations  are 

5  =  .163  5  -  ?  5 

,'ii9 


(2.32) 

(2.33) 

(2.34) 

(2.35) 

(  2 . 36 ) 


0 


<  Vi 


•  OH 


.  2[ 5  +  6  t  •  Ipj  +  5  +  f  +  -003  6 

nm_  a,,  r.  r,  r, 

J  3  j  6  b 


Tha  yaw  stabi libation  nr  - !e  >'aia Lior.a  aro 


6  =  . 25r  -  .OOlp  -  5 

r  r 

3  3 


6  =  2a  +  14r  -  26 

r6  y 


6  =  .00096  . 

r8  l6 


Total  Aircraft  Equations 


(2.38) 

(2.39) 

(2.40) 


The  Augmented  AMAT  Ef-Af  pregram  finally  generates  a  17  x  17  A  matrix 
ard  a  17  x  3  B  matrix  with  tlx;  following  state  ard  control  vectors  (the 
A  1 s  lave  been  emitted). 
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(pilot  inputs  in  pounds) 


(2.41) 


The  following  sets  of  A  and  B  matrices  are  presented  by  load  factor 
(1,  2,  and  3G),  with  three  different  A  and  B  matrices  under  each  load 
factor  (Tables  2-9  through  2-17).  The  first  set  under  each  load  factor 
represents  the  A-7D  with  only  the  mechanical  flight  control  path;  the 
second  set  represents  the  A-7D  with  both  the  mechanical  and  control 
augmentation  system  (Yaw  Stabilization  and  Control  Augmentation  -  ON) 
which  is  the  normal  aircraft  state;  the  third  set  is  a  s{X2cial  case  for 


rudder  inputs  (full  augmentation  except  lateral  acceleration  feedback 
disconnected).  Since  the  lateral  acceleration  feedback  path  is 
deactivated  when  the  rudder  pedal  is  deflected  more  than  .02  radians, 
this  case  al lowed  rudder  doublet  inputs.  The  output  of  this  rudder 
doublet  was  then  used  as  initial  conditions  for  the  fully  augmented 
nodel .  Linear  systems  analysis  techniques  will  be  applied  to  these  sets 
of  matrices  in  the  next  chapter. 


ALLY  AUGMENTED  FLIGHT  CONTROL  A  AND  B  MATRICES 


flight  control  a  and  b  matrices 
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PARTIALLY  AUGMENTED  FLIGHT  CONTROL  A  AND  B  MATRICES 


III.  Analytical  Fred i ction  of  Load  Factor  Effects 
on  Aircraft  ter  id  I ing  Qualities 

Introduction 

The  purpose  of  this  chapter  is  to  use  linear  systems  analysis  on  the 
derived  matrices  to  predict  the  effect  of  load  factor  on  aircraft 
handling  qualities.  Information  will  be  extracted  from  the  eigenvalues, 
eigenvectors.  Bode  plots,  and  time  histories  to  predict  the  load  factor 
effects  on  aircraft  handling  qualities.  These  load  factor  effects  are 
shown  for  three  different  cases:  the  basic  aircraft  with  no  flight 
control  system  included;  the  aircraft  with  just  the  mechanical  flight 
control  path  operating;  and  the  aircraft  with  the  mechanical  and  control 
augmentation  paths  operating,  which  is  referred  to  as  the  fully 
augmented  case.  This  chapter  ends  with  an  overall  analytical  prediction 
of  what  the  pilot  should  experience  while  flight  testing  at  1G,  2G  and 
3G’s. 

Eigenvalues 

The  five  basic  dynamic  modes  of  aircraft  motion  are  of  course  the 
phugoid,  short  period,  dutch  roll,  spiral,  and  roll  modes.  The 
eigenvalues  of  the  A  matrix  identify  these  modes  and  provide  frequency 
and  damping  information  for  the  oscillatory  modes  and  time  constant 
information  for  the  aperiodic  nudes.  The  eigenvalues  for  the  different 
A  matrices  in  this  paper  were  obtained  using  Qontrol  [Ref  6].  The  three 
cases  given  are  the  basic  system  prior  to  including  the  flight  control 
system,  the  system  including  only  the  mechanical  flight  control  path. 


and  the  fully  ai ignented  system  which  includes  tlie  mechanical  and  control 
augmentation  paths.  In  these  last  two  cases  additional  eigenvalues 
relating  to  tlie  flight  control  dynamics  Ivave  been  emitted. 

Several  types  of  information  can  be  extracted  from  the  data  provided 
in  Table  3-1.  Tlie  effect  of  load  factor  and  flight  control 
configuration  on  pole  location  is  slowa  in  Figure  3-1. 

The  jfhugoid  made  becomes  less  stable  as  the  flight  control  system  is 
added,  which  is  attributed  to  the  pitch  system  bob  weights  sensing  small 
changes  in  normal  and  pitching  accelerations.  As  load  factor  increases 
for  a  given  flight  control  configuration  frequency  increases  and  damping 
starts  to  increase  approaching  2G’s  and  then  decreases  as  3G's  is 
approached.  The  destabl izing  effect  of  the  flight  control  system  is 
exaggerated  with  increasing  load  factor  resulting  in  tlie  poles  migrating 
to  the  right  half  plane  with  full  augmentation. 

The  short  period  node  very  slightly  experiences  a  decrease  in 
frequency  and  damping  with  just  tlie  mechanical  flight  control  path 
operating  but  with  full  augmentation  the  frequency  returns  to  it  basic 
value  and  damping  doubles.  Increasing  load  factor  has  different  effects 
depending  on  the  flight  control  configuration.  Frequency  remains  fixed 
with  the  basic  and  fully  augmented  aircraft,  but  decreased  with  just  the 
mechanical  pith,  operating.  ! rimping  increases  slightly  for  the  basic 
aircraft,  but  decreases  with  the  mechanical  and  fully  augmented  cases. 

The  dutch  roll  mode  is  essentially  the  same  for  the  bisic  and 
mechanical  path  cases.  With  tlx?  fully  augmented  case  1 1  > ?  frequency 
decreases  and  (Tamping  increases.  As  load  factor  increases  tlie  : requency 
and  damping  loth  increase  causing  a  migration  of  tlx’  dutch  roll  pile’s 


MODAL  CHARACTERISTICS 


Figure  3-1.  Effect  of  Load  Factor  and  Flight  Control 
Configuration  on  Pole  Location 
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The  spiral  mode  is  affected  differently  by  the  flight  control  system 
depending  on  load  factor.  At  1  and  2G's  the  basic  am  mechanical  path 
cases  are  nearly  the  same  with  increased  stability  (poles  moving  further 
left)  with  full  augmentation.  At  3G's  the  basic  aircraft  pole  for  the 
spiral  starts  near  tine  2G  fully  augmented  location  and  moves  to  the 
right  as  the  flight  control  system  is  included,  resulting  in  a  less 
stable  spiral  mode. 

The  roll  mode  is  the  same  for  the  basic  and  mechanical  path  cases  at 
a  given  load  factor,  and  the  roll  mode  time  constant  decreases  as 
expected  with  full  augmentation.  As  load  factor  is  increased  the  roll 
mode  time  constant  slightly  decreases  approaching  2G‘s  and  increases 
rapidly  approaching  3G's.  This  rapid  increase  is  attributed  to  the 
increase  in  sideslip  while  rolling  at  higher  angles  of  attack 

causing  a  resistance  to  roll  from  C  becoming  more  negative. 

6 

The  eigenvalue  analysis  has  provided  good  insight  into  how  the 
various  dynamic  modes  change  with  different  flight  control 
configurations  and  as  load  factor  is  increased.  These  results  can  be 
compared  with  M1L-F-8785C  criteria  to  forecast  the  flying  qualities. 
Another  aid  available  is  to  use  tlie  eigenvectors  for  predicting  which 
variable  will  be  dominate  in  each  mode  of  the  aircraft  response. 
Eigenvectors 

The  Eigenvectors  corresponding  to  the  five  dynamic  nodes  of  the 
aircraft  contain  information  about  low  much  each  state  variable 
participates  in  the  aircraft  response. 

An  effective  way  to  display  the  information  contained  in  a  complex 
eigenvector  is  the  Argand  diagram.  Since  the  magnitudes  of  the 
eigenvectors  are  arbitrary,  the  Argand  diagram  slows  the  relative 
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length:;  of  e.ieh  of  the  camfX)nents  making  up  the  eigenvector,  Fbr  a 
meaningful  representation  the  state  variables  must  be  in  nondimen sional 
form  to  eliminate  any  scaling  errors  due  to  units.  The  following 
expressions  are  used  to  nondimen sional ize  V,  q,  p  and  r. 


V  = 

v/v 

*_* 

(3.1) 

q  =■ 

(](•/  2  V 
*  e 

(3.2) 

A 

P  = 

nb/2V 

e 

(3.3) 

r  = 

rb/2V 

e 

(3.4) 

With  the  nondimen sional  variables  available  the  magnitudes  are 
normalized  by  the  pitch  angle,  angle  of  attack  and  bank  angle  component 
magnitudes  for  the  phugoid,  short  period,  and  dutch  roll  respectively, 
to  obtain  the  relative  length  of  each  component.  The  phase  angles  are 
measure.1  in  a  counter  clockwise  direction  starting  with  zero  degrees  at 
tie  positive  real  axis,  since  the  eigenvectors  presented  correspond  to 
the  eigenvalues  with  the  positive  imaginary  part  (w>0).  The 
eigenvectors  and  the  magnitude  and  phase  angles  are  presented  in  Tables 
3-2  through  3-6  for  the  various  modes. 

Argand  diagrams  are  only  plotted  for  the  oscillatory  modes,  with 
primary  emphasis  on  the  sliort  period  and  dutch  roll  nodes.  The  diagrams 
are  arranged  by  node  with  1G,  2G,  and  3G  cases  displayed  for  each  of  the 
basic,  mechanical,  and  fully  augmented  flight  control  configurations. 

The  effect  of  the  flight  control  configuration  can  be  observed  by 
looking  vertically  down  the  page  at  any  given  load  factor,  and  the 
effect  of  load  factor  for  any  given  flight  control  configuration  is 
obtained  by  looking  horizontally  across  the  page. 
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ROLL  MODE  El 


r  . :  .e.oo  :  -  comes  as  d  r.  iO  a.  v.\> 

pitch  ancle  variation.-  v Figure  3-2).  The  eigenvector  s’ncws  that  as  the 
aircraft  picks  up  speed  the  aircraft  rolls  out  of  the  bank  and  as  the 
speed  decreases  the  bank  increases. 

The  short  period  mode  at  1G  is  characterized  primarily  by  changes  ir 
angle  of  attack  and  pit.cn  angle.  As  load  factor  increases  bank  angle 
begins  to  participate  which  in  turn  cause  seme  sideslip  activity.  This 
suggests  that  a  pure  longitudinal  input  results  in  seme  lateral - 
directional  oscillations.  This  is  attributed  to  kinematic  coupling 
between  angle  of  attack  art!  sideslip  (Figure  3-3). 

The  dutch  roll  mode  is  affected  in  a  similar  manner  to  the  short 
period.  As  load  factor  increases  pitch  angle  starts  to  emerge  with  a 
very  small,  but  noticeable  angle  of  attack  presence.  Roll  rate  also 
beccmes  slightly  more  active  (Figure  3-~i) .  These  pitch  angle  and  angle 
of  attack  changes  are  due  to  a  jure  directional  input  which  again 
suggest  seme  kiiviratio  coupling. 

The  spiral  ta.de  is  of  i.ttle  concern  at  otlver  than  LG,  but  the  rol  1 
mole  can  he  analyzed  by  hx)k,:ig  at  the  tabular  magnitude  aat.a  vTaole 
3-6).  As  lead  factor  incre -.:;er  velocity  and  pitch  angl<*  h-.wno  active 
as  well  as  a  1 1  angle  of  attack  change . 

The  eigenvector;-  have  given  a  moans  to  determine  wnich  state’ 
variaoles  Chirac*  eri  :*.•*!  *!«'  m  d.-r  b  i  no -rest  as  ie.  d  f.  ic?  or  hana-d. 
Tli*;  Rde  riot  wi  i  .  aw  ii  <•’  *c  :.b*w  th.e  .  -t  y  h.id  :ac*or  an 


Basil"  Aircraft 


Figure  3-4.  Dutch  Roll  Argand  Diagrams 
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Frequency  Analysis 

The  eigenvalue/eigenvector  analysis  compared  the  basic  aircraft,  to 
the  mechanical  and  fully  augmented  flight  control  cases  of  1G,  2G  and 
3G's.  The  frequency  analysis  will  compare  the  mechanical  and  fully 
augmented  cases  for  selected  transfer  functions,  and  will  shew  the  cross 
coupling  for  just  the  3G  mechanical  and  fully  augmented  cases.  The 
tliree  modes  that  will  be  addressed  are  the  short  period,  the  dutch  roll 
and  the  roll  mode.  The  bode  plots  presented  are  for  transfer  functions 
between  the  output  and  the  pilot's  control  stick  inputs  in  pounds.  To 
convert  the  magnitude  scale  from  output  per  lb  of  stick  force  to  output 
per  radian  of  surface  deflection  the  following  approximate  numbers  can 
be  used . 


Mechanical 

Fully  Augmented 

1G  56.1  dI3 

45.4  dB 

output 

X 

+ 

2G  52.6  dB 

or  44.2  dB 

output 

X 

0 

ep 

3G  50.1  dB 

43.2  dB 

0 

e 

output 

X 

+ 

60.0  dB 

or  60.0  dB 

output 

X 

C 

rp 

o 

r 

output 

X 

+ 

36.2  dB 

or  34.9  dB 

output 

X 

O 

ap 

u 

a 

These  numbers  ' 

were  derived  by  combining  the  elements  of  the  flight 

cont rol  system 

AI  id 

eva 1 ua  t i ng  the 

resulting  transfer 

functions  written 

in  bode  fonn  as  S* 0 .  The  transfer  functions  with  negative  gain  must 
have  180  degrees  of  phase  added  to  use  the  conventional  180  degree  point 
for  determining  stability. 

The  transfer  function  between  angle  of  attack  and  the  pilot's 


elevator  input  in  pounds  of  stick  force  will  be  use!  to  analyze  the 
short  jjeriod  node  (Figures  FI  through  F6).  When  comparing  the  .eelvinieal 


■  Hid  fully  augmented  cases  at  all  tliree  load  factors  tv«o  effects  are 
noticed.  First  the  obvious  effect  is  the  increased  damping  at  the  short 
jerioi  frequency  in  the  fully  augmented  cases.  Secondly  is  the  low 
fre<juency  effect  that  results  from  feeding  back  normal  acceleration 
which  gets  amplified  with  augmentation.  As  load  factor  increases  there 
is  very  little  change  around  the  short  period  frequency;  however,  the 
lew  frequency  effect  is  attenuated  as  the  low  frequency  zeroes  move 
closer  to  the  phugoid  poles. 

Two  transfer  functions  are  used  to  look  at  the  dutch  roll  mode,  bank 
angle  and  sideslip  due  to  pilot's  rudder  pedal  force  input  in  pounds 
(Figures  F7  through  F18).  The  fully  augmented  cases  at  all  three  load 
factors  increase  the  damping  at  the  dutch  roll  frequency  as  expected. 

As  load  factor  increases  tne  increased  damping  at  the  dutch  roll 
frequency  can  be  seen  for  both  the  mechanical  aixl  fully  augmented  cases. 
In  addition  a  low  frequency  disturbance  is  seen  similar  to  the  short 
period.  This  is  again  attributed  to  tlx?  movement,  of  the  numerator 
zeroes  as  load  factor 

increases.  By  taking  the  ratio  of  the  magnitudes  of  the  and  the 

«/ 6  transfer  functions  at  the  dutch  roll  freuuoncy  an  estimate  of  the 

rp 

$/S  ratio  is  obtained.  For  example,  analysis  of  the  1G  fully  augmented 
bode  plots  slows 


*/6  | 
rP 

=  -46  db 

(3.5) 

B  /  6  | 

rP 

=  -56  db 

(3.6) 

*/6  |  = 

10  db  =  3. 16 

(3.7) 

Tins  agrees  with  tlie  corresporvling  value  obtained  by  analyzing  the 
dutch  n.)l  1  mode  eigenvector  given  in  Table  3-4.  For  the  1G  fully 


augmented  case,  the  ratio  of  |  <t> / ts  j  is  1/0.34  which  equates  2.94.  Two 

transfer  functions  are  also  used  to  look  at  the  roll  mode,  roll  rate  and 

sideslip  due  to  pilot's  aileron  force  input  in  pounds  (Figure  F19 

through  F30).  Tine  effectiveness  of  the  augmentation  can  be  seen  by 

comparing  Figure  F19  and  F20.  With  the  addition  of  AR1  and  a^  feedback 

the  steady  state  roll  response  becomes  more  uniform,  as  indicated  by  the 

flatter  magnitude  curve.  The  increased  damping  of  the  dutch  roll  mode, 

when  augmentation  is  added  can  be  seen  at  all  three  load  factors.  The 

addition  of  flight  control  augmentation  at  2  and  3G's  amplifies  the  low 

frequency  changes.  For  the  mechanical  flight  control  config’iration,  the 

combination  of  light  damping  and  high  4>/B  ratio  cause  pronounced  roll 

rate  oscillations  which  will  also  be  shown  in  the  time  histories.  The 

effect  becomes  much  more  pronounced  at  3G's  which  can  be  seen  by 

comparing  Figures  F19  and  F27.  As  load  factor  increase,  the  relative 

pole/zero  movement  is  shown  by  the  phugoid  cross  coupling  effect  at  low 

frequency  and  the  more  oscillatory  dutch  roll  mode.  The  effectiveness 

of  the  ailerons  to  produce  roll  rate  with  no  augmentation  is  seen  to 

decrease  as  the  input  is  held  ( low  frequency)  as  load  factor  increases 

(Figure  F19  and  F27 ) .  The  sideslip  due  to  aileron  is  just  the  opposite 

and  increases  with  load  factor  (Figures  F21  and  F29).  The  eigenvalue 

analysis  showed  the  effect  of  augmentation  and  load  factor  on  the 

characteristic  roots  for  the  different  modes.  With  the  transfer 

functions  available  the  effect  of  augmentation  and  load  factor  on  the 

numerator  zeros  can  ho  observed.  At  1G  a  longitudinal  transfer 

function  such  as  a/s  has  exact  pole/zero  cancellation  of  the  lateral 

ep 

directional  modes  which  results  in  no  cross  coupling.  As  augmentation 
is  added  new  zeros  appear  and  their  effect  on  the  frequency  resjonse 


will  depend  on  their  location  with  respect  to  the  new  poles.  As  load 
factor  is  increased,  the  relative  movement  of  the  poles  and  zeros  is 
what  changes  the  frequency  response.  Poles  and  zeros  v*hich  cancelled  at 
1G  start  to  move  apart  which  allows  tlie  cross  coupling  between  the 
longitudinal  and  lateral-directional  modes.  This  cross  coupling  is 
shown  in  Figures  F31  through  F46. 

Simulation 

Introduction.  The  final  step  in  the  analytical  approach  to  this 
problem  was  to  simulate  the  A7-D  on  an  Apple  II  Plus  computer.  The 
simulation  provided  a  means  of  seeing  graphically  the  effects  that  were 
predicted  using  the  other  analytical  methods.  In  addition  these  time 
histories  were  compared  with  the  flight  test  strip  chart  time  histories 
to  validate  the  analysis. 

The  phugoid  mode  v*as  not  evaluated.  The  spiral  mode  was  evaluated 
at  1G  for  the  mechanical  flight  control  case  and  the  fully  augmented 
case.  All  other  modes  ware  evaluated  at  1G,  2G  and  3G's  for  the 
mechanical,  and  fully  augmented  flight  control  cases.  The  flight 
control  configurations  and  load  factors  evaluated  were  at  a  flight 
condition  of  15,300  feet  (He),  0.6  IMN.  The  aircraft  weight  was  fixed 
at  25,338  lbs  with  a  center  of  gravity  at  28.71%  MAC.  The  cruise 
configuration  was  considered  with  no  external  stores. 

Method .  The  computer  programs  used  for  this  simulation  are 
presented  in  Appendix  D.  The  A  and  B  matrices  previously  derived  were 
used  to  form  a  discrete-time  model  which  uses  the  state  transition 
matrix  to  propagate  the  states  fran  one  time  increment  to  the  next.  The 
inputs  used  to  obtain  the  various  time  histories  are  as  follows: 


Table  3-7 


EXCITATION  INPUTS 


These  inputs  are  the  same  type  as  used  during  the  flight  test 
portion  of  the  evaluation. 

Results .  Time  histories  ware  generated  for  the  above  mentioned  inputs 
using  a  time  increment  between  calculations  of  .1  seconds.  The  actual 
duration  of  the  tune  histories  varied  frcm  5  seconds  to  20  seconds 
depending  on  the  type  of  information  desired.  These  plots  are  contained 
in  Appendix  G  and  will  be  discussed  in  Chapter  V. 

Ana  I ytical  Predictions 

From  the  preceding  analysis  the  pilot  can  be  briefed  on  the  expected 
handling  qualities  of  the  aircraft  as  load  factor  increases.  This 
information  can  also  be  used  to  identify  areas  where  the  pilot  si  xml  d 
look  for  specific  occurrence;-  that  are  not  normally  sect  . 

For  the  phucjoid  rude  -is  load  factor  ii. creases  to  3G's  the  pilot 
should  expect  a  divergent  oscillation  with  a  period  of  approximately  43 
seconds,  which  is  75%  quicker  than  the  1G  case .  Bank  angle  oscillations 
should  take  place  along  with  pitch  and  airspeed  variations.  The  only 
significance  of  this  mode  at  the  higlier  load  factors  is  that  the 
aircraft  will  be  harder  to  trim  for  the  equilibrium  conditions. 


The  pilot  should  not  see  any  appreciable  change  in  the  short  period 
frequency  and  damping,  but  with  tl*?  augmentation  on,  there  should  be  an 
increased  load  factor  sensitivity  to  angle  of  attack  changes.  Also,  the 
kinematic  cross  <x)i ipl  ing  between  angle  of  attack  and  sideslip  should 
start  to  berry:v  evident  at  3G's,  wit1  some  bank  and  sideslip 
oscillations . 

The  dutch  roll  dynamics  should  be  improved  as  load  factor  increases. 
Again,  the  cross  coupling  should  cause  sane  pitch  oscillation  due  to 
lateral  inputs. 

The  aircraft  should  roll  a  little  slower  at  3G's  due  to  the  increase 
in  sideslip  which  resists  the  roll. 

Overall,  these  cross  coupling  effects  should  increase  as  the  size  of 
the  inputs  increase. 


IV.  Flight  Test 


Introduction 

This  chapter  presents  the  results  of  a  limited  flying  qualities  test 
to  evaluate  the  effect  of  load  factor  on  aircraft  response/ handling 
qualities. 

The  two  test  aircraft  USAF  serial  numbers  67-14582  and  67-14584  were 
considered  production  representative  for  the  purpose  of  this  test.  Both 
aircraft  were  modified  with  a  Yaw,  Angle  of  Attack,  Pitot-Statics  System 
(YAPS)  head  mounted  on  a  flight  test  rose  bocm,  a  Base-10  Airborne 
Telemetry  System,  and  sensitive  flight  instruments.  The  test  was 
conducted  in  the  cruise  configuration  with  6  MAU-12B/A  pylon  racks.  The 
most  forward  and  aft  eg  during  testing  ware  28.2  and  28.9%  MAC.  The 
heaviest  and  lightest  gross  weight  tested  were  24,550  and  26,550  pounds. 

The  tests  ware  flown  at  15,000  ft  (H^  )  and  0.6  IMN  at  1,  2,  and 
3G's  inaccordance  with  limitations  specified  in  the  TPS  A-7D  Flying 
Qualities  Test  Plan,  the  A-7D  Flight  Manual,  and  AFFTC  Regulation  55-2 
[Ref  7,  8,  and  9]. 

Four  test  sorties  (6.0  lours)  were  flown  from  2  April  1984  to  25  May 
1984  at  the  Air  Force  Flight  Test  Center  (AFFTC),  1-ilwards  AFB, 

California . 

Test  Objectives 

The  test  objectives  are  as  follows: 

1.  Determine  aircraft  response  at  1,  2,  and  3G's  for  elevator  and 
rudder  doublets,  and  aileron  imtxilse  and  step  imxits. 


u  r  ■ 


< 


attack  aircraft  iianuiacturod  by  tlie  Vought  Aeronautics  Gaiuanv.  It  is 
powered  by  the  Allison  TF41-A-1  ncn-afterburning  turbo fan  engine. 
Detailed  inforrration  pertaining  to  tie  physical  dimensions,  areas, 
air  foil  types,  etc.  are  contained  in  Appendix  b 
Test  Instrumentation/Data  Reduction 

The  tost  aircraft  were  production  representative  A-7D's  modified 
with  a  nose-mounted  Yaw,  Angle  of  Attack,  and  Pitot-static  (YAPS)  flight 
test  boar.,  a  Base-10  Telanetry  System  (TM),  and  sensitive  airspeed 
indicator,  rrachometer ,  and  g  meter  [Ref  10].  The  data  were  recorded  by 
on-board  magnetic  tape,  cockpit  voice  recorder,  and  ground  based  strip 
charts  via  TM.  Data  were  reduced  by  hand  frcm  tlie  strip  charts  using 
the  log  decrement  and  time  ratio  techniques  [Ref  11]. 

Test  Methods  aid  Condition 

Tlie  aircraft  response  to  elevator  and  mailer  doublets,  ,ind  aileron 
impulse  an!  step  inputs  were  determined  by  trintniiw  the  aircraft  at  the 
following  a  in  5  i '  inns  and  appl  yincj  tlie  desired  ini  "its. 


Table  4-1 


Test  Ntitrix 


[c- 

0 

N 

D 

I 

Altitude  (+  1000  ft) 

Mach  (+  .02  Mach) 

Weight  (+  1200  lb) 

Center  of  Gravity  (-.5 

15,000 

0.6 

25,338 

,  +.2%  MAC) 

28. 

71 

T 

Load  Factor 

1G 

2G 

3G 

i 

Flight  Gbntrol  Configuration 

0 

Mechanical 

X 

X 

X 

N 

Fully  Augmented 

X 

X 

X 

S 

I 

Elevator  Doublet 

X 

X 

X 

X 

X 

X 

N 

Rudder  Doublet 

X 

X 

X 

X 

X 

X 

P 

Aileron  Impulse 

X 

X 

X 

X 

x 

X 

U 

Aileron  Step  (1/4) 

X 

x 

X 

X 

X 

X 

T 

Aileron  Step  (1/2) 

X 

X 

X 

X 

X 

X 

S 

Aileron  Step  (Full) 

X 

X 

X 

X 

X 

X 

Trinrning  tic  aircraft  at  the  1G  points  was  performed,  using  the 
front  side  method  [Ref  12]  where  throttle  controlled  airspeed  and 
elevator  control  led  altitude.  However,  at  tlie  2  and  3G  joints  it  was 
necessary  to  irndify  the  front  side  method  to  stabi lze  at  the  desired 
equilibrun  condi  t  ions,  Throttle  was  still  used  to  control  airsjved,  but 
elevator  was  the  primary  control  for  load  factor,  while  Bank  angle  was 
tic  primary  control  for  altitude.  Since  there  is  only  one  combination 
of  thrust,  airspeed,  and  hank  angle  to  stabilize  at  a  given  load  factor, 
these  trim  shots  required  several  iterations  to  stabilize  on  conditions. 
With  just  the  mechanical  fl  ight  control  path  operat  ing  there  is  no 
rixlder  trim  available.  Therefore  1 Imse  trim  sluts  were  pa ■  formal  by 
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Table  4-1 


Test  Matrix 


Altitude  (+  1000  ft) 

Mach  (+  .02  Mach) 

0.6 

Weight  (+  1200  lb) 

25,338 

Center  of  Gravity  (- 

.5,  +.2%  MAC) 

Load  Factor 


Flight  Cbntrol  Configuration 
Mechanical 
Fully  Augmented 


I  Elevator  Doublet 
N  Rudder  Doublet 
P  Aileron  Impulse 

U  Aileron  Step  (1/4) 

T  Aileron  Step  (1/2) 

S  Aileron  Step  (Full) 


1G 

2G  | 

3G 

. 

X 

X 

X 

X 

....  ...  1 

X 

X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

X  X 

Trunrung  the  aircraft  at  the  1G  points  was  performed,  using  the 
front  side  method  [Ref  12]  where  throttle  controlled  airspeed  and 
elevator  controlled  altitude.  However,  at  the  2  and  3G  points  it  was 
necessary  to  modify  the  front  side  method  to  stabiize  at  the  desired 
equilibrun  conditions.  Throttle  was  still  used  to  control  airspeed,  but 
elevator  was  the  primary  control  for  load  factor,  while  Bank  angle  was 
the  primary  control  for  altitude.  Since  there  is  only  one  combination 
of  thrust,  airspeed,  and  bank  angle  to  stabilize  at  a  given  load  factor, 
these  trim  shots  required  several  iterations  to  stabilize  on  conditions. 
With  just  the  mechanical  flight  control  path  operating  there  is  no 


rudder  trim  available. 


Therefore  these  trim  slots  were  for  formed  by 


trimning  to  zero  rolling  manent,  rather  tlaan  coordinated  flight.  A  trim 


stot  was  jx?r  formed  [trior  to  each  sequence  of  inputs.  Depending  on 
outside  air  temp.1  nature  the  thrust  available  at  the  3G  points  was  a 
limiting  factor  occasionally  requiring  a  slight  descent  into  the  data 
hand  to  nviintain  3G's. 

The  parameters  monitored  during  the  test  are  listed  in  Table  H2.  The 
test  was  conducted  in  tlie  cruise  configuration  with  6  MAL1-12B/A  pylons. 
Test  Results  and  Analysis 

All  test  points  in  the  Test  Matrix  (Table  4-1)  were  flown.  Actual 
quantitative  data  in  the  form  of  time  histories  as  well  as  qualitative 
Garments  where  significant,  are  presented. 

The  equilibrun  conditions  obtained  at  1,  2,  and  3G's  by  trimning  the 
aircraft  in  a  steady  level  turn  are  as  follows: 


TABLE  4-2 

EQUILIBRIUM  CONDITIONS 
15,000  ft  0.6  IMN 


Load 

Factor 

(G) 

Weight 
( lbs) 

AdA 

(deg) 

Roll 

Rate 

(deg/ sec) 

Pitch 

Rate 

(deg/ sec) 

Yaw 

Rate 

(deg/ sec) 

Elevator 

Deflection 

(deg) 

1 

26,500 

4.0 

0 

0 

0 

0 

2 

25, 370 

6.7 

-0.8 

4.0 

1.8 

5.6 

3 

24,550 

Ll/J 

-1.5 

7-4  i 

2.4 

6.6 

Note:  These  values  are  generally  within  10%  of  the  prediced  values 
The  phugoid  mode  was  not  evaluated  during  this  test.  The  modal 
characteristics  for  the  short  period  and  dutch  roll  are  sirrmarized 


lx;  low.  The  frequency  and  damping  were  determined  using  the  log 
decranent  and  time  ratio  methods  where  possible. 


Table  4-3 

MODAL  CHARACTERISTICS  (FLIGHT  TEST) 


Mode 

Load  Factor 
(G) 

Frequency 

(“n} 

Damping 

(O 

<Td> 

n/a 

( g/ rad ) 

*/e 

1GM 

IGF  A 

2.83 

.27 

.6* 

2.3 

22.9 

_ 

Short  Period 

2GM 

.6* 

2GFA 

— 

““ 

— 

3GM 

- 

- 

22.5 

- 

3GFA 

““ 

34.9 

2-13 

.187 

3.0 

- 

4.3 

2.11 

.303 

3.2 

- 

3.1 

Dutch  Roll 

2.53 

.136 

2.5 

_ 

2.3 

2.79 

.206 

2.3 

- 

3.6 

~~ 

_ 

_ 

‘estimate  by  the  pilot 


Note:  These  values  are  generally  within  10%  of  the  predicted  values. 

At  a  load  factor  of  one  the  short  period  response  to  an  elevator 
pitch  doublet  for  the  mechanical  and  fully  augmented  flight  control 
eonf igurat ions  can  be  seen  in  Figures  G2  and  G4.  The  effect  of  adding 
flight  control  augmentation  can  lx;  seen  in  the  UlfT  position  trace,  along 
with  the  resulting  increased  damping  as  shown  by  the  pitch  rate,  pitch 
attitude  and  load  factor  traces.  By  comparing  the  1,  2,  and  3G  fully 
augmented  cases  (Figures  G4,  G7,  and  G10)  the  effect  of  load  factor  on 
the  sliort  jxiriod  dynamics  can  be  seen  to  lx?  negligible,  however ,  the 
cross  coupling  effect  can  start  to  be  seen  in  the  3G  case  (Figure  G10) 
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by  the  very  smal  1  sideslip  oscillation.  Rar  anal  1  inputs,  as  those  used 
in  fine  tracking,  this  cross  coupling  presented  no  problem  fran  a  flying 
qualities  standpoint.  However,  as  the  inputs  became  larger  the  beta 
oscillations  were  more  noticeable  to  tlie  pilot  which  could  affect  the 
gross  acquisition  task.  Recomnend  further  testing  to  analyze  this  open 
loop  cross  coupling  on  the  closed  loop  flying  qualities  (R2). 

The  dutch  roll  mode  exhibited  similar  behavior  to  short  period  as 
augmentation  was  added  (Figures  G12  and  G13).  The  effect  of  load  factor 
on  the  dutch  roll  can  be  seen  by  comparing  the  1  and  3G  traces  for  the 
mechanical  flight  control  configuration  (Figure  G12  and  G21 ) .  The  beta 
traces  reveal  an  increase  in  damping.  The  cross  coupling  effect  is  also 
more  pronounced  as  seen  by  the  loaf!  factor,  angle  of  attack  and  pitch 
rate  variations  due  to  the  pure  rudder  doubler  input  (Figure  G22). 

This  kinematic  cross  coupling  although  more  pronounced  than  for  the 
longitudinal  input  case  still  is  not  a  problem  frcm  a  flying  qualities 
point  of  view  for  small  inputs.  For  larger  inputs  these  longitudinal 
oscillations  became  more  apparent  to  the  pilot  for  the  mechanical  flight 
control  configuration,  which  may  be  equated  to  an  aircraft  with  lower 
damping  of  the  short  period  and  dutch  roll  modes.  With  the  augmentation 
engage!  these  longitudinal  oscillations  due  to  larger  rudder  doublets 
were  more  suhiued  resulting  in  less  attention  by  the  pilot. 

Impulse  aileron  inputs  were  applied  to  observe  the  effect  of  load 

factor  on  bank  angle  oscillations.  As  load  factor  increased  a 

hesitation  in  bank  angle  was  noticeable  by  the  pilot  and  can  be  seen  by 

comparing  the  mechanical  flight  control  configuration  at  1  and  3G's 

(Figures  G26  and  G32).  This  hesitation  is  attribute!  to  the  beta 

increa.se  frciu  the  adverse  yaw  which  resists  the  roll  due  to  C  for  the 
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mechanical  flight  control  configuration. 

Thu  step  roll  input  was  the  most  interesting  of  the  inputs  tested. 
This  input  caused  the  largest  excursions  in  the  monitored  parameters. 

The  technique  used  to  terminate  the  maneuver  also  had  an  effect  on  the 
aircraft's  motion.  If  the  input  was  removed  slowly  the  aircraft 
oscillations  were  mild  compared  to  the  oscillations  resulting  from 
abruptly  stopping  the  roll.  The  resulting  oscillations  frcm  abrupt  roll 
terminations  increased  with  an  increase  in  load  factor,  which  again  is 
attributed  to  the  increased  adverse  yaw  at  higher  angles  of  attack. 

This  increased  adverse  yaw  creates  a  larger  sideslip  which  in  turn 
provides  for  more  kinematic  cross  coupling  between  sideslip  and  angle  of 
attack.  Or m par ing  the  mechanical  and  fully  augmented  flight  control 
configuration  shows  how  the  augmented  system  helps  to  minimize  the 
aircraft  oscillations  (Figures  G35  and  G39).  The  effect  of  load  factor 
is  better  shown  by  canparing  the  mechanical  flight  control  configuration 
at  1  and  3Gs  (Figures  G35  and  G49). 

Performing  this  flight  test  has  shown  that  load  factor  does  have  an 
effect  on  aircraft  response  to  doublet,  impulse,  and  step  inputs.  The 
cross  coupling  was  more  pronounced  when  the  dutch  roll  mode  was  excited 
which  was  attributed  to  the  kinematic  exchange  between  sideslip  arxi 
angle  of  attack.  The  aircraft  oscillations  at  higher  load  factors 
resulting  fran  abrupt  roll  terminations  is  primarily  due  to  adverse  yaw. 
The  following  chapter  wall  compare  the  analytical  predictions  to  the 
flight  test  results  to  determine  the  validity  of  linear  systems  analysis 
in  describing  the  aircraft  response  as  a  function  of  load  factor.  In 
addition  MIL-F-R7B5C  will  be  used  to  discuss  the  effect  of  load  factor 
on  aircraft  Kindling  qualities. 
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V.  Comparison  of  Results 

Introduction 

This  chapter  will  compare  the  analytical  and  flight  test  results, 
and  evaluate  these  results  with  respect  to  MIL  F-8705C  to  determine  the 
effect  of  load  factor  on  the  flying  qualities. 

Comparison  Pitfalls 

Most  analytical  solutions  to  real  world  problems  are  based  on 
assumptions.  The  validity  of  these  assumptions  can  determine  how  well 
the  analytical  model  predicts  the  real  world.  The  nice  feature  of 
flight  testing  is  that  the  aircraft  doesn’t  make  assumption,  and  the 
aircraft  response  to  a  given  input  should  be  the  standard  frem  which  to 
judge  the  analytical  prediction.  However,  there  are  several 
difficulties  which  arise  when  comparing  the  flight  test  data  to  the 
analytical  predictions. 

The  best  wry  to  illustrate  where  differences  between  flight  and 
analytical  data  arise  is  to  make  an  assumption.  The  assumption  is  that 
the  analytical  methods  exactly  model  the  real  world.  This  is  of  course 
not  the  case,  but  it  will  illustrate  where  seme  of  the  difference 
between  flight  test  and  analytical  results  ccme  frem.  If  the  answer 
could  be  (No)  to  one  of  the  following  questions  a  difference  can  occur. 

1.  Was  the  test  flown  at  the  same  flight  condition  modelled?  (i.e 
was  tire  weight,  eg,  altitude,  mach  number,  moments  of  inertia  and 
equilibilum  parameters  the  same.) 

2.  Was  the  input  made  by  the  pilot  the  same  as  the  one  modelled? 
(i.e.,  magnitude,  symmetry,  period,  and  slape.) 

3.  Is  the  range  of  tire  transducers  sufficient  to  measure  the 


t  equi r<d  informal  ion? 


4.  Is  the  sampling  rate  of  the  instrumentation  sufficient  to 
document  the  actual  response?  (i.e.  Is  the  data  giving  a  distorted  view 
of  the  real  world  occurrence?) 

5.  Is  the  sampling  rate  used  by  the  data  system  consistent  with 
that  use!  to  model  the  system? 

6.  Is  the  scale  used  to  display  the  data  appropriate  for  the  data 
reluct ion  scheme  used  to  extract  the  require!  parameters?  (i.e.  can  you 
read  the  output  to  the  desired  accuracy?) 

7.  Is  the  technique  used  to  reduce  the  data  100%  accurate  or  is  it 
an  approximate  method? 

If  the  answer  to  all  these  questions  are  (yes)  then  the  flight  test 
aril  analytical  results  slnuld  match,  based  on  the  assumption  that  the 
real  world  and  the  model  wire  the  same.  The  importance  of  requiring  a 
(yes)  answer  is  primarily  a  function  of  what  type  of  data  you  need, 
trend  data  or  specific  numbers.  Other  factors  such  as  cost, 
availability  aril  overall  purpose  must  also  lx?  considered. 

fbr  this  project  the  answers  to  most  of  the  above  questions  were 
(no),  which  autcmatically  builds  in  a  difference  in  results.  The  other 
differences  of  course  acme  from  the  fact  that  the  model  doesn't  exactly 
match  the  real  world,  the  assumptions  may  not  be  valid,  arri  the 
assumpjt ions  if  valid  may  Ivave  been  violated.  Therefore,  ccmparing 
similar  trends  rather  than  exact  nunerical  correlation  of  the  analytical 
and  flight  test  results  are  performed,  and  areas  where  the  assumptions 
necessary  to  model  the  real  world  caused  a  difference  in  the  results 
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not  sh'jw  up  in  tin  flight  test  traces  for  tie  sure  size  input.  This  wa 
a  factor  of  the  1M  system  resolution,  fbr  example,  the  Base-10  TW 
system  is  a  10  bit  system  with  a  resolution  expressed  by 


Resolution  = 


Transducer  Rnnae 


(5.1) 
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Using  roll  rate  as  an  example  gives  the  following 

Poll  Rate  Transducer  Range  =  +  250  deg/sec 

Resolution  =  .^29— -  .48  doq/sec  =  8  x  10"  rad,/ sec  (5.2) 
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This  is  the  best  resolution  the  system  can  provide  for  this 
parameter.  The  scale  used  on  the  strip  chart  for  roll  rate  was  +  20 
deg/sec,  and  with  50  divisions  each  division  equates  to  .8  deg/ sec. 
Therefore,  the  limiting  factor  for  this  parameter  is  the  TW  system  not 
the  display  (strip  chart),  since  the  strip  chart  can  be  read  to  half 
divisions.  Roll  angle  on  the  other  hand  is  limited  by  the  resolution  of 
the  r:rin  chart.  The  resolution  of  the  retraining  parameters  is 
suntnarizoi  in  Table  K2,  Appendix  K.  The  cross  coupling  at  2G's  for  a 
douid  et  elevator  intn.it  of  5  lbs  is  shewn  by  the  presence  of  roll  rate 
,ar:d  hank  angle  oncil lat  ions  during  simulation  (Figure  Go).  Since  the 
rail  rate  due  to  cross  coup] ire  only  reached  a  mix irr.ti::  value'  of  1.7  x 
10  '  r — w3/  se  in  t.:  .•  •  «  imu’.n*  r  t.  *!.•■  ..trip  ehirt  iron  flight  test  void  1 
if«ii.C‘*e  no  resprr.:>*.  To  ,:••••)*.•  /jut  for.  il  Mb  test  to  r.hrw  f  h* 

«.  f  f.'crt  of  'To:,:;  <  *  m  u  J  >  1  tt  ;•  •:  t  hm  :»«!••!*<{  i.ep:*  was  regnod. 
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*1."  :  I  snap*:'.  i  F; (11  ttirO'.Kjf. 

’ * 5-  :•  *r  iouhh-t  tx.ots  sh.«  tail  agreor'.ent  (Fi.gur*  r  Gil  through 
•’  f •  ti;k  tiit:  pitch  angles  traces;  fr.nr  simulation  { Figures  G19  nr»! 
th'  rsnnrn'j  of  1 1  *•>«>.•  t w;  variables  in  the  j  lingo  id  node  which 
fleeted  ly  the  strip  c-hsrtr.  since  the  maneuver  was  torainatod 
rox irately  10  s*  voids.  Thi s  is;  of  little  concern  i ran  a  flying 
;*  m  >  .:.r  ,  since  ♦}...  pi  lot  ■  l  » *s  fly  lards  off  at  3G's. 
rrpul s>.  roll  inputs  were  Simula ted  'ey  using  tic  real  {'arts  of 
roll  <*i,jai,vee«or  (Figures  G24,  G25,  G27,  G2b,  G3G,  G31  )  .  At 
ight  test  trace  shows  little  response  (Frr.ro  G29).  At  3G‘s 
t  tort  trace  shows  good  sorrel  it  i.  n  wit};  tie  nereis* '■  in  dutch 
•soney  at  30' s  indicated  by  tit?  roll  r  *  race  ( Figure  G32). 

*l.t  s  smut  th*.*  linear  simulat  i.  >ti  far.  w  *rk* » i  rvlat  iv*!ly  well  in 
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txtgard  tn  Ilyina  <iuulities.  The  only  flying  qualities  concern  is  the 
cliange  in  the  mxial  responses  in  terms  of  frequency,  damping  ratio,  n/a , 
etc.  As  the  inputs  grow  in  magnitude  the  cross  coupling  becomes  a 
concern,  However,  a  non-linear  model  would  better  faci 1 itiate  this  tyjx? 
of  analysis. 

The  linear  no  lei  s  validity  for  step  roll  inputs,  resulting  ui  large 
changes  in  bank  angle,  breaks  down  because  the  small  angle  assumption  is 
violated.  However,  initial  response  still  provides  some  useful 
information  using  this  type  of  analysis.  In  addition  the  cross  coupling 
predicted  by  simulation  is  seen  as  the  actual  inputs  grow  in  magnitaie. 
The  1G  step  roll  response  for  the  mechanical  flight  control 
configuration  slows  the  initial  adverse  yaw  and  a  reduction  m  roll  rate 
as  sideslip  increases  <  Figures  G33  and  G34).  Turning  on  tlie 
augmentation  slows  the  elimination  of  the  adverse  yaw  and  the  reduction 
in  roll  rate  oscillation  making  the  roll  response  more  nearly  first 
order.  The  simulation  and  fl  iaht  test,  resjonsos  agree  well  (Figures  G36 
through  G39) .  With  a  full  aileron  injxit,  the  flight  test  data  for  the 
mechanical  and  fully  augmented  cases  shew  the  improved  roll  response 
predicted  by  the  model  (Figures  G35  and  G39).  At  2G's  the  lateral 
directional  variables  still  look  reasonable  and  agree  with  the  fl iaht. 
test,  data  but  tlie  model  breaks  down  with  the  longitudinal  variables 
(Figures  G40  through  G44).  The  3G  roll  response  shews  the  situation  at 
2G's  is  aggravated  with  greater  oscillations  in  roll  and  a  smaller  roll 
rate  with  more  adverse  yaw  (Figures  G45  through  G49) .  All  these 
characteristics  were  noted  in  flight  test  with  one  maneuver  boina 
ti'miinativj  due  to  a  buildup  in  sideslip  which  approached  the  test  limit 
of  '.2°;  Iiwvit,  t  In  validity  of  tlx'  linear  mad  el  .it  this  condition  is 


•Ties  ionable.  Although  rxit  slxawn,  another  limitation  of  the  model  was 
discovered  simulating  this  condition  for  t lx-  fully  augmented  case.  The 
model  did  not  include  the  limiters  for  the  control  augmentation  systejn, 
and  during  the  rolls  sideslip  would  start  to  build  creating  lateral 
acceleration.  The  lateral  acceleration  feedback  would  sense  this 
buildup  anti  would  eonmarxl  rudder  as  necessary  to  zero  the  lateral 
acceleration.  The  rudder  carmand  was  well  in  excess  of  that  available 
on  the  aircraft. 

MI.L-F-8785C  Ctmpliance 

The  results  were  evaluated  for  compliance  with  MIL-F-8785C 
requiranents  for  a  class  IV  aircraft  in  Flight  Phase  Categories  A  and  B. 
The  level  1,  2,  or  3  flying  qualities  necessary  for  an  aircraft  to 
comply  with,  are  normally  a  function  of  abnormalities  that  may  occur  as 
a  result  of  either  flight  outside  the  Operational  Flight  Envelope, 
failure  of  aircraft  components,  or  both.  The  A-7D  only  has  to  meet 
level  3  flying  qualities  when  operating  in  the  median’ cal  flight  control 
configuration  and  level  1  flying  qualities  for  the  fully  augmented 
aircraft,  at  the  condition  tested.  Therefore,  this  discussion  will  be 
referenced  to  these  criteria  with  regard  to  pass  or  fail. 

The  phugoid  mode  although  not  important  from  a  flying  qualities 
point  of  view  at  other  than  1G  is  affected  by  load  factor  and  fails 
level  1  at  2G's  due  to  damping  and  3G's  due  to  damping  and  period . 

Load  factor  had  very  little  affect  on  the  short  period  damping  and 
frequency,  Itowover  a  cliange  in  the  n/a  parameter  used  to  determine 
acceptable  flying  qualities  is  affected.  Mathematically  the  n/a 
parameter  i«;  approximated  by 


n/a  ■=  ~  (1/T  )  . 


(3.3) 
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Since  load  factor  causes  mav< ".rent  of  the  numerator  zeros  for  the  A-7D,  ; 

this  pirometer  increases  with  load  factor.  Tlie  movement  of  this  root 

was  taivill  as  load  factor  increased  for  the  mechanical  flight  control 

configuration,  but  with  tlie  fully  augmented  configuration  at  3G's  it 

resulted  in  a  noticeable  increase  in  n/a .  This  increase  can  be  seen 

firm  flight  test  n/a  sweeps  in  Figures  G52  arxl  G53.  Tlie  mathematical 

approximation  gives  a  much  larger  increase  titan  actually  experienced  for 

•_ 

this  case.  This  increased  n/a  to  34.9  a l  3G‘s  resulting  in  a 
degradation  from  level  1  to  level  2  [Ref  1:14]. 

Dutch  roll  dynamics  were  improved  as  load  factor  increased  with  both 
frequency  and  damping  increasing,  which  moves  the  {sarameters  further 
fran  tie  flying  qualities  boundaries. 

'I he  spiral  node  pissed  at  1G  but  was  not  evaluated  at  higher  load 

§ 

factors  during  flight  test. 

The  roll  mode  ^ts  predicted  to  pass  using  the  initial  response  to 
step  roll  inputs  with  very  little  change  in  roll  mole  time  constant . 

The  flight  test  data  also  passed;  however,  tlie  roll  mode  time  constant 
tended  to  increase  fran  .4  to  1G  to  .7  at  3G  with  the  mechanical  flight 
control  configuration.  Recommend  tlie  Test  Pilot  School  incorporate 
loaded  Ilyina  qualities  testina  into  the  curriculum  to  comply  with  the 
intent  n(  paragraph  3.3.4,  and  3. 3.4. 2.1  of  MI1j-F-87B5C  for  determininu 
flying  qualities  at  other  than  1G.  (R3) 

Tlie  simulation  validity  for  lateral  dynamic  response  is  questionable 
for  reasons  mentioned  earlier,  therefore,  compliance  to  tlie  mil  sfiee  for 
lateral  infn.it  s  wore  not  evaluated.  Tlie  flight  test  data  does  indicate 
efp-ot  ai  roll  rate  as  livid  factor  incream.es  even  though  for  loth 
t  1  mil!  .  onirol  <r.nf  igui.it  ions  the  time  to  trail  was  within  paragraph 


3. 3.4.1  limits  for  time  to  change  Ivmk  angle  90  degrees.  Reccninend  th< 
use  of  a  non-linear  no  lei  to  analyze  lateral  inputs,  and  more  flight 
testing  to  determine  tlie  effect  of  load  factor  on  the  lateral  flying 
qualities  of  the  A-7D.  (HI) 
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VI.  Gbnclusions  and  Reccrnnendations 


Tit?  question  to  be  answered  was  —  what  effect  may  load  factor  have 
on  aircraft  handling  qualities,  and  can  the  effect,  if  any,  be  predicted 
analytically?  Load  factor  does  effect  the  handling  qualities;  however, 
linear  systems  analysis  is  limited  in  predicting  the  effects. 

The  characteristics  of  the  short  period  mode  were  not  significantly 
affected  by  increasing  load  factor;  however,  the  parameter  n/a  increased 
with  load  factor  causing  a  degradation  frcm  level  1  to  level  2  flying 
qualities.  Analytical  predictions  correlated  well  with  flight  test 
data . 

The  dutch  roll  characteristics  improved  with  an  increase  in  load 
factor.  These  improvements  in  dutch  roll  damping  and  frequency  were 
predicted  with  good  results. 

Flight  test  indicated  a  reduced  roll  effectiveness  as  load  factor 
increased.  Time  to  roll  through  90  degrees  of  bank  increased,  but  was 
still  within  MIL-F-8785C  tolerances.  Roll  oscillations  during  snail 
roll  inputs  were  more  noticeable  as  load  factor  increased.  The  linear 
systems  analysis  v*os  determined  to  be  invalid  for  analyzing  lateral 
response  to  step  roll  inputs,  since  the  snail  perturbation  assumption 
us<?d  in  linearizing  the  equations  was  violated  as  bank  angle  increased . 

(Rl)  N0N-L1NKAR  ANALYSIS  TEQINIUUES  SHOULD  BK  USED  TO  ANALYZE 
ROLLING  MANEUVERS.  (Page  71  ) 

Cross-couping  of  the  longitudinal  and  lateral  directional  modes 
resulted  in  small  oscillation  for  snail  inputs  which  did  not  present  a 
flying  qualities  problem;  however,  as  injxjts  increased  in  magnitude  the 
oscillations  reached  magnitudes  which  could  affect  gross  acquisition 


( R2 )  RECOMMEND  FURTHER  TESTING  TO  ANALYZE  THIS  OPEN  LOOP  CROSS 
COUPLING  ON  THE  CLOSED  LOOP  FLYING  QUALITIES.  (Page  (,2  ) 

The  most  noticeable  cross  coupling  tliat  took  place  during  testing 
occurred  when  rolls  due  to  step  inputs  were  terminated.  Tlie  faster  the 
roll  was  stopped  the  more  noticeable  the  cross  coupling.  This  was 
attributed  to  tlie  larger  adverse  yaw  as  load  factor  increased  which 
aggravated  the  cross  coupling. 

(R3)  RECOMMEND  THE  TEST  PILOT  SCHOOL  INCORPORATE  LOADED  FLYING 
QUALITIES  INTO  THE  CURRICULUM  TO  CCMPLY  WITH  THE  INTENT  OF  PARAGRAPH 
3.3.4,  AND  3. 3-4. 2.1  OF  MIL-F-8785C  FOR  DETERMINING  FLYING  QUALITIES  AT 
CTHEX  THAN  1G.  (Page  70  ) 
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APPENDIX  A 
Reference  Frames 

When  solving  flight  dynamics  problems  it  is  necessary  to  use  several 
frames  of  reference  to  represent  the  various  quantitites  of  interest, 
such  as,  velocity,  accelerations,  forces,  moments,  and  products  of 
inertia  to  n.ime  a  few.  It  is  also  useful  to  represent  quantities  in  one 
fr<ime  in  terms  ot  the  other  frames.  This  appendix  gives  definitions  of 
each  reference  frame  used,  arxi  presents  the  steps  necessary  to  obtain 
the  transformations  t jo tween  reference  frames. 

INERTIAL  REFERENCE  FRAME,  F.  -  This  frame  is  fixed  in  space  by 
definition,  allowing  the  use  of  Newton's  second  law,  F  =  im.  For  this 
problem  the'  earth  is  assumed  to  be  fixed  in  space,  and  the  origin  of  the 
inertial  frame'  is  located  at  the  earth's  center  (Figure  A1 ) . 


EARTH  (FITI.I- id )  FRAME,  R  ,  -  This,  frame  will  also  have  its  oriqin 

r,( 

1 1  *  ,  t  f  d  ,  1 1  tl„.  earth's  cent. a,  but  it  aiII  te  fixed  in  the  earth  and 


1 


m 


A 


•j 


...  i 


K/J  EC/ 1  ' 

Its  orientation  is  such  tint  Z  axis  is  directed  into  tlie  eartii,  X 

[taints  nor tti,  and  Y^  joints  east  .  Tlie  plane  formed  by  tlie  Xj.  and  Yj. 

axis  represents  tlie  local  liorizontal .  TO  arrive  at  this  frame  an 

intermediate  frame  F  will  lx:  used  with  rotations  about  Jae  and  then 

the  X^  axes.  The  notation  [L^EC3  designates  the  transformation  matrix 

frcm  the  earth  centered  frame  to  the  intermediate  frame  Fv.  Rotation 

about  X.,,  through  y  yields 


^StEC^  sinui 


:c 


Rotation  about  X 2>  through  (90  +  x£)  places  F^  in  the  desired 

orientation.  The  reason  for  the  additional  90  degrees  is  due  to  the 
fact  that  the  axis  needs  to  point  down. 


Using  the  relations 


This  rotation  yields 


cos  (90  +  =  -sinXr, 

E  E 

sin (90  +  X  )  =  cosX„ 


°°sX  e 


The  composite  rotation  from  F  to  F  is 


-situ  „oosp  -sinx  r,sinu  r 

h,  c j  fc, 


^'kec^  *-lex-^i'xkc^  sinui 


-COSX„COSy  -cosx..siny  -sinx 


7H 


The  aujlt'r  u ^  * 1 1 1«  1  A  oin  lx?  tlnught  of  as  latitude  and  longitude 
respect  ive  1  y  ( Figur  e  A3 ) . 


mm 


Figure  A3.  Earth  Fixed  Frame 


VEHICLE  CARRIED  FRAME  -  This  frame  will  have  its  origin  located 

at  the  aircraft’s  center  of  mass,  with  the  axis  arbitrarily  pointing 

north,  and  the  Y, ,  axis  minting  east.  This  aligns  the  F_  and  F, , 

V  E  V 

reference  frames  if  the  earth's  curvature  is  neglected,  which  is  valid 
for  the  case  when  the  two  frames  are  close  to  one  another.  Assuming 


this  is  the  case,  then 


^lvec’-'  ^leec^ 


with  u  =  rind  X  =  X  . 

E  F, 

The  rotation  of  the  vehicle  carried  frc'ime  wrt  the  earth  fixed  frame 


can  lie  written  in  the  following  components 


I 


a  n  iii'i  tl.i in  ti-mi:;  of  the  vehicle  ftvtfi.e  uive: 


[IV1XJ  U  +  -X 


M  EC  °  V 


(Ale; 


-pSHU 


Since  it's  needed  in  a  later  relationship  the  rotation  of  tiie  vehicle 
carried  frame  *rt  to  tiie  inertial  fmime  will  lie  obtained  as  to  1  lows 


“V/l  “v/EC  +  “EC/I 


and  to  write  tliis  rotation  in  terms  of  the  vehicle  carried  frame  gives 


V/I  V  V/tC 


1  V  +  '•lvec-^ec/i  EC 


(  % 


ucosx 


-usinx 


tv 


(u  +  u)cosx  (A1 

=  -X 

-( u  +  w ) sinx 

Jv 

WIND  FRAME  F,  -  This  frame's  oriain  is  located  at  the  aircraft's 
W 

center  of  mass  with  the  X, axis  directed  along  tiie  velocity  vector  of 

the  aircraft,  and  the  axis  lying  in  the  plane  of  symmetry.  To 

establish  this  frame,  two  intermediate  frames  will  be  used.  These 
intermediate  frames  will  be  designated  F^  and  F^  respectively 

(Figure  A4) . 
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p 


< 


c  * 


Fiqure  A4.  stations  for  F,  to  F, , 

V  w 


Tho  first  rotation  is  about  the  Z^;  axis  through  an  angle  which 
yields  the  transformation  matrix 


The  (Tiniosi  t  e  rot.it  ion  fnxn  F.,  to  F,  is  obtained  by 

V  W  J 

^ 1 WV  ^  = 


HI 


( A16 ) 


COSt,  , 

W 

siny, 

W 

0 

[L  ]  = 
gv 

-siny, , 

W 

cosy, , 
W 

0 

(A13) 

0 

0 

1 

1 

The  second  rotation  is  about 

a 2  through  an  angle  e  , 

resulting  in 

c°sew 

0 

-sinew 

| 

cv  - 

0 

1 

0 

(A14) 

> 

sin6w 

0 

cose, , 

w 

Tim  third  rotation  is  about  through 

an  angle  *  , 

which  gives 

- 

ri 

0 

0 

1 

» 

1 

1 

[L  .  ]  = 

Wh 

0  cos* 

W 

sin*, 

W 

( A15 ) 

1 

i 

0  -sint , 

W 

cos*, , 

w 

1 

L 

J 

with  tlu-  final  t  ransf  onnat  ion  lutfrix  being 


for  tlie  continents  of  (AIK)). 


c\v 

= 

rw 

Sur»f-  i  1 1 :t  i r.= 

:  (  A 1 

\).  ( 

oxprvss  ion 

•.  >r  *■  1 1*  -  i  < 

rw 

0 

0 


“vh][W 


W 


0 

0 

o 

w 

+  '-LWv-' 

0 

0 

Tw 

w 

(A21) 


V 


L  f  >w  ■  r  .< ! 


i  .  -  f.  .Pint). , 

V,  V,  VI 


.<  ,  +  f,  ,sm}t  ,oose, , 

Vi  V,  V,  w  w 


-b,  .sin®, .  +  f,  cos®,  .CT3S0, , 

Vv  Vv  WWW 


( A22 ) 


BODY  FRAME  F^  -  This  frame's  or  in  in  is  also  locate!  at  the 


'ii 


ircraft's  center  of  nviss  and  remains  fixed  in  the  body  with  directed 


ut  the  nose  of  the  aircraft  ,  Y  directed  out  the  right  wing  and 


lying  in  the  plane  of  symmetry.  Tb  establish  this  frame  an  intermediate 


frame  F^  will  be  used,  with  rotations  about  Z w  and  f^  through  the 


respective  angles  -B  and  a  (see  Figure  A5). 


'•.<  first  iot.it  ion  is  ‘Unit.  the  "  .xi:  thiouul.  or.  .  ir ..  j  1  ■ 

v. 


'Hit'  I'C.IUMl 


■  >r  t  he  -r;  is  tin*  result  of  uinvuit  ion  which  defines  p  is  i  t  i  ve  8  as  the 
elut  ivv  win)  fnir.  tire  right.  bsim  tin.*  relationships 


cos ( -8 )  =  cos 8 


(A23) 


sin(-g)  =  -sins 


(A24) 


In/  followinq  txansformat  ion  results 


[L  ,]  =  sine  cose 
fW 


( A25 ) 


he  secot » 1  rotation  is  atout  f  through  an  angle  a,  resulting  in 


-sina 


^  = 


(A26) 


)*;  canposite  rotation  from  F, ,  to  t’  is  obtained  by 

W  B  J 


(A27) 


iti:  the  final  ♦  ransfomv.it ion  matrix  being 


cosaoosfi  -cosasing 


smacosp  -sinasins  cosa 


( A28 ) 


nisovitu;  the  W  subscript  from  ( A 1 V ) ,  (A20),  and  ( A22)  the  following 
trii*1  t  *  x  j,  s » ci  iiKi  rot  at  if  Mi  alout  t  f ie  frrlv  axe; 


LLpy]  =  Ll^,]  (W  su'nscr ipt  removed) 


(A29) 


pX,  +  oY,  +  rZt 
1  H  B  It 


(A30) 


0  nr  ist 


t  smtmsO 


V  < .y  y.  .i  i  f>st) 


( A31  ) 


Velocity  in  this  frame  is  defined  as 


(A32) 
B 

iJl’ABILITY  FRAME  F  -  This  frames  is  a  sjxicial  set  of  body  ax  :s.  Bbr 

u 

symmetric  flight  (velocity  vector  in  the  plane  of  symmetry)  t'  coincides 
with  F  initially,  but  remains  fixed  in  the  body  and  moves  with  the  body 
during  disturbances.  In  non-symmetric  flight,  i.e.  with  sideslip  the  X 

u 

axis  is  aligned  with  the  projection  of  the  velocity  vector  into  the 
plane  of  symmetry,  with  Z  remaining  in  the  plane  of  synmetry. 

O 


ft 

1 


ft 


Appendix  B 


Development  of  Equations  of  Motion 


APPLNDIX  B 


Development  of  Equations  of  Motion 

Introduction 

A  detailed  development  of  tlie  differential  equations  describing  the 
aircraft's  motion  is  presented  for  an  aircraft  in  straight  and  level 
unaccelerated  flight,  and  for  level  turning  flight.  The  assumptions 
made  in  the  development  are  outlined  where  appropriate.  The  equations 
are  presented  in  body  axes  to  allow  direct  comparison  with  flight  test 
data . 


Newtons  Second  Law 


The  sum  of  the  external  forces  are  equal  to  the  time  rate  of  change 
of  the  linear  momentum 


IF  =  rrn 


cm/ 1 


(Bl) 


aixl  the  sum  of  the  applied  moments  is  equal  to  the  time  rate  of  change 
of  the  angular  momentum. 


IM  =  ^ 
^  dt 


(B2) 


For  these  relationships  to  be  valid  the  earth  is  assumed  to  be  fixed  in 
space  i.e.  inertial  frame,  and  the  aircraft  is  assumed  to  be  a  rigid 
body  allowing  the  motion  to  be  described  by  a  translating  center  of  mass 
and  rotation  about  the  center  of  mass.  It  is  also  assumed  that  the  mass 
of  the  aim-raft  remains  constant. 

The  acceleration  of  the  center  of  mass  written  in  body  axes  is  expressed 
by 


cm/ 1 


BdV 


cm/ 1 


dt 


+  “D/I  X  Van/I 


(B3) 


the  cross  product  in  (H3)  can  io  written  in  rrvitrix  form  as 


JB/I  x  Vcm/I  _  WB/I  an/l 


where 


m  • 


5ing  (B4)  and  substituting  (A32)  for  the  velocity  (B3)  is  written  as: 

f  u  1  f  0  ~r  q  1  T  u  1 


cm/ 1  j  E 
which  yields 


0  -r 
r  0 


0  -p 

P  0 


u  +  qw  -  rv 

a/T=v+ru-pw  (E 

w  +  pv  -  qu 

L  JB 

Fbrces  -  The  sumation  of  forces  will  comprise  propulsive,  (F^) , 
aerodynamic  (FD>  and  gravitational  (FT)  contributions  in  each  of  the 
coordinate  directions. 

=  ft  +  fa  ♦  fg  (E 


where 


Z  X 

=  F 

TX 

+ 

fAX 

+ 

fgx 

?:  v 

> 

E- 

a. 

II 

+ 

fay 

+ 

bGY 

zz 

=  F 

TZ 

+ 

fAZ 

+ 

fGZ 

(B9) 

(BIO) 

(Bll) 


The  propulsive  force  vector  in  this  development  lies  in  the  plane  of 
syrrmetry  arri  has  an  inclination  with  respect  to  the  X-body  reference 
axis  designated  by  which  is  fixed  by  aircraft  geometry.  The 
cun)  orients  in  the  resjiective  coordinate  directions  are  as  follows: 


-mg  sin  e 

0 

= 

mg  sin  $  cos  9 

mg 

V 

rng  cos  $  cos  0 

( B16 ) 


where 


is  defined  by  (A17)  without  the  wind  axes  subscript. 


Using  (B9)  through  (R16)  the  three  force  equations  can  be  written  as 


X:  Tcosa  +  F  -  mgsine  =  m( u  +  qw  -  rv)  (B17) 

I  AXb 

Y:  +  mg  sin  $  cos  9  =  m(v  +  ru  -  pw)  (B18) 

Z:  -Tsina  +  F  +  mg  cos  $  cos  0  =  m(w  +  pv  -  qu)  (B19) 

I  AZi 


Moments  -  The  sumation  of  the  noments  as  stated  earlier  is  equal  to 


EM 


dH 

dt 


where  H  is  the  angular  rronentum. 

'flie  angular  mcmentum  can  be  determined  by  looking  at  an  elemental  mass 
at  sane  joint  away  fran  the  center  of  mass  (Figure  B1 ) . 


•'  ./•  a: 

“B/i 

\  ! . 

S  ii  ice  thr  a  i  r< :  ra  ft 

IS  a*  ; 

si  mod 

to  lx- 

a  rigid 

hod\ 

<axes  resulting  in 

0 

-r 

q 

X 

V  =  ur  x  R  = 

B  /  1 

e 

?0I 

it 

r 

0 

~P 

y 

-q 

p 

0 

Z 

(b;u) 


which  yields 


V  = 


qz  -  ry 
rx  -  pz 
py  -  qx 


(B2  2) 


B 


Associated  with  each  of  these  linear  velocities  is  a  linear  momentum  (P) 
dP  =  Vdm  ( B23 ) 

Multiplying  by  the  appropriate  moment  arms  produces  the  components  of 
angular  momentum 

dfl  =  K  x  dP  =  R  dP  ( B24 ) 

whirl,  yields. 


y 

-x 

0 


ry 

nz 


py  -  qx 


tin 


Xp'uv.  in:  iM 


^  r  i  •!  ni 


■  •  l  ■ : 


% 


XV  vx 


etc.,  v;*‘lus  the  followino  ext  arose  ion  lot  .insular  nonontun. 


I 

-I 

-I 

XX 

xy 

xz 

-I 

I 

-I 

yx 

vy 

yz 

-i 

-i 

I 

ZX 

zy 

7.Z 

(B26) 


New  taking  the  (derivative  of  the  angular  ncmentun  to  obtain  the  rrements 


Idfl  ndfi 


— rf  =  +  e  ■  x  H  (B27) 

dt  dt  B/ I 

Cince  in  the  body  axes  system  the  moments  of  inertia  matrix  is  constant, 
the  following  is  obtained 

(ifj  •  _  l 

IM  =  dt  =  1  Vi  +  1  UB/I  +  “B/I  X  H 

Assuming  tlx?  :<z  plane  is  a  plane  of  symmetry,  the  following  is  done 

I  =  I  =  I  =  I  =0 
xy  yx  yz  zy 

If  the  rrements  a’nout  e«ach  axis  are  labeled  L,  M,  N  respectively,  then 


« 


C 


ex; m  and  grouping  terms  yields  the  three  nunent  equations 

it,  =  !'  1  -  r  1  +  qr  ( I  -  I  )  -  pq  I  ( B28 ) 

1  xx  xz  1  zz  yy  13  xz 

;;M  =  c:  I  +  nr(I  -  I  )  +  I  (p2  -  r2)  (B29) 

yy  xx  zz  xz  ^ 

vN  =  r  I  -pi  +pq(I  -1  )  +  or  I  (B30) 

zz  1  zx  yy  xx  -  xz 

Kinematics  -  The  equations  relating  the  angular  rate  o£  the  aircraft  to 
the  rates  of  change  of  the  Euler  angles  can  be  determined  frcm  (A31) 


$  -  f  sin  9 


9  cos  $  +  t  sin  $  cos  9 
-9  sin  $  +  y  oos  $  oos  e 


solving  for  * ,  q ,  ^  yields  three  first  order  differential  equations 


relating  the  angular  orientation  of  the  aircraft. 

$  =  P  +  q  sin  $  tan  0  +  r  cos  <t  tan  0 

9  =  q  oos  *  -  r  sin  ♦ 

¥  =  [  q  sin  *  +  r  cos  *  ]  sec  0 


tin),  it  ions  o:  Hit  ion 


(B31) 
(B32 ) 
(B33) 


Grouping  the  three  force,  moment,  and  kinematic  equations  just 
develop*!  into  a  set,  allows  the  motion  of  the  aircraft  to  be  described. 
Sunmary  of  the  Body  Axis  liquations  of  Motion 


Forces 


X:  Teos.ji  +  F  -  nvi  sin  o=m(u  +  cw-rv) 

T  AX  J  M 

Y:  F^y  +  mg  sin  $  cos  9  =  m(v  +  ru  -  pw) 

Z:  -rT’  sin  a  +  F  +  mg  oos  0  cos  9  =  m(w  +■  pv 
T  AZ  B 


1 


(  * 


Moments 


L  =  p  I  -  r  1  +  qr ( 1  -  I  )  -  m  I 

xx  xz  1  zz  yy  1  J  xz 

M  =  o  I  +  pr(I  -  1  )  +  I  (p2  -  r2 ) 

yy  xx  zz  xz  1 

N  =  r  I  -pl  +  pq  ( I  -  I  )  +  qr  I 

zz  zx  yy  xx  M  xz 


K  i  mm.it  i  cs 

t  =  p  +  q  sin  4>  tan  0  +  r  cos  4  tan  0 

0  =  q  cos  4  -  r  sin  4 

f  =  [  q  sin  4  +  r  oos  4  ]  sec  © 

Note:  Since  none  of  the  equations  depend  on  y,  the  y  equation  can  be 

emitted . 

At  this  {Dint  it  is  necessary  to  write  these  equations  in  terms  of  the 
variables  used  in  the  data  package,  and  those  measured  frem  flight  test. 
The  velocities  u,  v,  w  can  be  written  in  terms  of  angle  of  attack  a, 
sideslip  8,  and  free  stream  velocity  V,  frem 


V  oos  a  cos  8 

V  sin  b 

V  sin  a  cos  B 


whore  L  is  defined  in  Appendix  A. 


(B34 ) 


Tii*’  d"i  iv. if  i vos  of  u,  v,  and  w  in  terns  of  these  variables  are 


V  cos  i  cos  b  -  V  a  sin  a  cos  6  -  V  6  cos  a  sir.  B 


V  sin  B  +  V  8  cus  8 


(B35) 


V  sin  a  oos  8  +  V  a  005;  a  <xx;  f  -  V  B  sin  a  sin  8 


aerodynamic  force;;  can  !»■  expressed  in  terms  of  the  lift  L,  drag  D, 


liowever ,  all  the  available  data  in  [Ref  4]  is  presented  in  stability 
axes  which  is  equivalent  to  wind  axes  at  zero  degree  sideslip,  B  =  0. 
Therefore,  Y  =  -C,  and  the  lody  axes  forces  in  terms  of  the  lift;  drag 
and  sideforce  Y,  will  be  represented  as 


'  AX 


'AY 


'  AZ 


-D 

COSa 

0 

-sina 

Y 

= 

0 

1 

0 

-L 

sina 

0 

cosa 

S 

_ 

-D 

Y 

-L 


& 


-D  cosa  +  L  sina 

-D  sina  -  I-  cosa 


( B37 


whet-.*  ^  I,ps  j  is  the  t  ransfonud  ion  fran  stability  to  body  axes. 

inn,  ♦he  <auvit.|f  ion.il  and  inertial  forces  are  proportional  to  the  mass 

of  t)*'  a i ret  a  ft ,  this  nukes  it  ronvenient  to  combine  these  terms  into 

orpinerts  ♦  t j ■  i.vi.lent  iotis.  The  remaining  c.  'rodynamic  and 

pt  •  ••j'til  tnve  i  .mi;  *.•  represent  ol  in  the  following  set  of  body  axes 

:  :  ■ -e  e.  WT  l  *  t  •  : .  t.-ir  ;  f  V,  i,  6,  I.,  U,  Y,  p,  q,  r,  i,  0. 


i'  !  ■  ••  '  ! ii ;  i  ‘  l 


-IX.-OSl 


+  Tai;.,T 


Vcosj rosB  -  Visiriciinsf,  -  VBcosasinp  + 


q(Vsina<tns6  )  -  r(VsinB)  +  qsinO 


(B3tt 


Y  Force  1/piation: 

Vs  in?,  -t  Vn  <  y  >s;-  t  t  )  -  p(V:;  mi  i  )  - 

7sintef):<j  ] 


Y  =  in 


'/.  Pace  t*ii Kit  ion: 

-Dsin.i  -  1 1  x  )sa  -  Tsiria^  =  m  Vsina(n;.is  +  Vhoosacos;', 

-VB-siriasinS  t  p(VsinB)  -  q(voosacoss)  -  goos$cose  ( B40 ) 

Linear izat  ion 

Now  the  equations  of  notion  are  expressed  in  terms  of  variables  that  can 
to  measured,  calculated  or  obtained  frcm  the  references.  There  are 
several  approaches  tint  aan  be  taken  at  this  joint  to  solve  this  system 
of  equations.  Numerical  integration  techniques  can  be  employed  to  solve 
the  non-linear  differential  equations,  or  the  equations  can  be 
linearized  for  anall  deviations,  about  an  equilibrium  condition  of 
interest.  Thi s  latter  technique  has  been  used  with  great  success  in  the 
past  tea  give  excellent  engineering  results,  llie  limitations  of  this 
approach  require  that  the  variat ions  in  the  variables  of  interest  remain 
relatively  small,  i.e.,  «ma 1 1  enough  so  that  thi  sines  ami  cosines  of 
the  disturbance  angles  ir>-  •  it  •;  t  >;  ;:-*.t‘  •**•  iy  ♦]>*  angles  themselves,  and 
one  respectively.  Ain  -  t  i»*  s  a  .  • ;  i:»i  s<nnr<  of  t  lie  di  st.urlmnce 
variables  are  neglinibb-  wh*  an  idci.im:  *  h*  actual  values.  Tnus 

s  in/.i  A  i 
>0*1  1 

1  r,  lie:  t  >  i  is*  ■  t !  ■  1  ir.ea?  iai*  i*  n  t  *  -  -hn  l  <  in*  * ,  *  h*  •  *  i  l  t  1  *  *i  *  -nt  l  ■ :  1  'quit  ions 

*  -»  ‘  r  ns'  Ills*  !  •  ■  •  *v-  ll  ut*  ;*  an  eg; :  i  1  1 1  :*  i  u:.  {  t  r  i:i  )  e  ail1  l  a. 

Kgu i 1 ibr  l urn  can  1»'  found  Iry  sett,  inq  the  rates  of  change  of  the  st.ite 
variabh'r;  ectu.il  to  zero  producing  th >  following  set  of  trim  equations. 

-I1  cor. ,  +  1,  uin„  +  T  a  is  i  .  m  I  u  (V  sin-i  cosk  )  -  i  (V  s  i  1 1~.  ) 


(H42) 


Y  -  !!■  r  (V  t\>sr.  )  -  ;  (V  si:»*  < v>sb  )  -  qsin*  n;;;  o 

, ,  i»  e  <  ■  i  ■  ( ■  t>  <  ■  o  e  < 


-b  si  no 


-  L  c.\ »«.,  -  T  sin»,„  =  ni  n  {V  sinrf  -  u  (V  iw;a  txisr  1 

a  e  c  o  I  e  e  e  e  e  o  i  ■ 
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-  p  O  ] 
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( B45 ) 
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q 
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r  cos$  t/mo  =  0 

(B47) 
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( B49) 
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The  parturlted  nut  1011s  are  defined  by  subtracting  tiie  trimmed  itdl ion  fran 

tin?  total  motion.  St)  tlx?  variables  of  interest  can  be  written  as 

V  =  V  4  iV  ( B50 ) 

O 


(B51) 


by  substituting  appropriate  expressions  in  the  form  of  { B50 )  and  ( B5 1 ) 
it  ill  t  Ik.*  variables,  into  equations  ( B38) ,  (B39),  ( B4<i ) ,  (B28),  ( B29 )  , 
i  i-.M  i ) ,  fi'.Jl),  ( f  o2  ) ,  :  n*  i  r.ir.inu  the  small  deviation  assuv.pt  ions 

will  produce  a  linearizo!  set  oi  equations. 

The  X-iorce  equation  Ixxxinos 

b  sit  Li  Am  -  AlXrjSa  +  L  eosa  ,«.i  +  A I  i  no  4-  aTcos.j  = 
e  e  e  e  e  I 


AVoosm  <t)sB  -  V  A  i  s  l  t  o  <  t  i ; .n  -  V  A  3  cosa  sinB 

O  »•  O*  P  O 


V  >  I  h!l;]  MI'.;*  *.;t  4  V  J  •  x  >Sr  l  4  U  M  Ul 

i  *  '«  •  i  '  »  •  <  *  ‘t  ‘  <  *  «  '  *i  *  #  ' 


V 


f  V  Si!:*  I  1  /\<  I 


+  .  j..  \  >: ; 


:  <  x  )•:;<  Ari  -  r  i;  i  iui  t.\  -  \  s  l  re,  Ar 

*  <  '  t  ‘  t  *  <  '  *.  *  t  * 


(l'/74) 


In  1 1  to  liuw  -  ■>: ;  i  ession  the  *  b,  Ah,  and  ,\T  tentts  account  for  the  <:hoii>j< 
in  the  qiven  variable  due  to  chanqus  in  all  variables  that  affect  it, 
i.e.,  tlie  idea  of  <*  total  differential,  by  knowinq  the  variables  that 
affect  draq  for  instance  one  can  write  U(V,  a,  e  J  therefore 

,  5 hi  ,,  3D]  3 D  , 


Al)  :- 

3D  ' 

3  V 

for  !  lie  1 

lb  N 

Ah  = 

31,  , 

3  V 

x  T  -- 

3T>( 

A  l  — 

3  V‘ 

where  A  A 

ft.' 

i  D]  3  D 

—  Aa  +  —  A 6  , 

i  xj  a  3  6  C 


(B75) 


•  r  _  l^J.t?  ,  J  i  i  d  ij  3  L- 

Ah  =  - 1.\  +■  - Aa  +  — Wia  +  — tq  +  - A5 


3  a  3  q  3  6  ^ 


where  AA  represents  the  control  stir  face  deflections,  and  is  n.id--  a; 

t '  * 

A  ,  A  ,  A  ,  and  6  foi  elevator,  aileron,  rudder  and  throt  1 1  e  i:c  ,v*if  •*.?  s . 
'■  r  i 

pti  *  ial  derivative  t  ertr.s  are  atmnnly  referred  to  as  i i :r.e  i ,s  r  •: ..  d 
stability  and  control  derivatives  and  will  bo  written  as  follows 


1 >  v*  c . 

a 


(D77) 


t  }.»•:>•  '  i<  *i  i  v- 1  ‘  iver.  will  !»•  discusso!  later. 

hsina  the  :»  a  at  ion,  qrou;  ana  like  t  erais,  and  phicina  ire  ;.\  ,  i  , 

and  .*?,  ten;;:;  on  tic  left  side  of  tin-'  or  mat  ions  results  m  a  lineariz'd 
X- tome  equation  for  a  level  turn  in  Ixxly  axes.  The  equation  for 
s'  rii  ild  and  level  fliqht  can  t  e  obtained  frciti  tins  equation  by  set  t  i  nq 


tie  at  It  •  If  I  1  ■ 


■  tua  *  l  >t . 


lilihinct!  vat  tables  equal  to  zero.  'ihe  qenoi  al 


X-Forco  huuation: 


m  cosa  cosg  a V  +  -mV  sina  aosg  -  L‘sina  Aa  +  mV  cosa  sing  A6 

o  e  e  a  c  g  o  e 


(D  co sa  +  L  sinu  +  T  cosam)  -  mq  sina  oosg  +  mr  sing  AV 
vevevT  e  e  e  go 


+  (D  sina  -  D  cosa  +  L  cosa  +  L  sina  )  -  mqV  cosa  aosg  Aa 
e  e  a  e  e  e  a  e  V  e  c  e 


+  L  sina  5  -  nW  sina  aosg  Aq  +  -mgcose  A8 

C|  C  6  O  0  0 


+  mq_V  sina  ^ sing  +  mr  V  cosg  Ag  + 

■  v?  O  0  G  0  0  O 


rrV  sing  at 
e  e 


+  L  sina  -  D  cosa  6  +  T  oosa„  6m 

6e  e  6C  e  e  «T  T  T 


The  above  process  for  linearizing  the  remaining  equations  was  carried 
out  in  a  similar  manner  using  the  following  functional  relationships 
M(v,  a,  a,  q,  6),  L(g,  p,  r,  6),  and  N(B ,  p,  r,  &) 


AM  =  M  AV  +  M  Aa  t  M"  Aa  +  M  Aq  +  M  6  +  M  6_ 

v  a  a  qM  6ee  6Tr 


Al  =  LAg  +  L  Ap  +  Lat  +  L  6  +  L  6 

g  P  r  6  r  A  a 

r  a 


Ah’  =  N  AS  +  N  AP  +  N  At  +  N  f>  +  N  6 
g  (i  r  6  r  «_  a 

L  Ci 


the  fol  lowina  onuat ions  result 


Y  Farce  Equa t ion  : 


msing  aV 
e 


AV  +  mV  cosg  Ag  =  -mr  cosa  cosg  +  mp  sina  oosg  aV 
OG  CG0  C0G 


+  mr  V  sina  cosg  +  mp  V  cosa  cosg 
oc  C  O  GO  G  G 


Aa  +  -mgsint^siiiQ^ 


+  |  Y„  +  mr  V  _eosa_siri6  mp 


V  sina  sing  1  Ag  *-  Y  +  mV  sina  tnsS  1 


+  Y  -  mV  cosa  oofs  jr  +  nx jcos$  cose  A4  +  Yr  &  -v  Y.  6. 
r  e  e  e  ce  6  r  6  u 

r  a 


( B82 ) 


Z  Force  Equation: 


msina  aosB  AV  +  rriV  cosa  aosg  +  L’cosa  Aa  +  — rrA/  sina  sine  A8 

e  e  eGGae  eGG 

-  (-Dvsinae  -  LyCOSae  -  T^sma^  -  npesin6e  +  itk^oosc^cosB  g  AV 

+  (-D  cosa  +  L  sina  -  L  cosa  -  D  sina  )  -  mq  V  sina  cose  Aa 

eeeeaeae  m  e  e  e 

+  -L  cosa  +  rriV  cosa  cose  Aq  +  -rrgcosfc  sine  A0 
qe  eee  ee 


+  -L  cosa  +  rriV  cosa  cose  )  Aq  +  -rrncos*  sm9  A0 
L  q  e  e  e  ej  [  e  ej 

+  -mp  V  cosB  -  maV  cosa  sine  1 AB  +  -nft/  sinB  jAp  +  -mgsin$  cose 
eee  oeeej  e  eJ  [ 


+  ~L6  °°Soe  "  °6  Sinae  *e  “  Tfi  sinaT5T 

e  e  T 


The  three  moment  equations  are 
L  Moment  Equation:  (Rolling  Moment) 


(B83 ) 


I  Ap  -  I  Ar 
X  xz 


r(I  -  I  )  +  p  I  Aq  +  L  A8+  L  +  ql 
e  y  z  1  e  xz  ^  B  8  e  xz 


+  L  +  q  ( I  —  1)  Ar  +  L  6  +  L  6 

r  e  v  z  6  r  6  a 

J  r  a 


M  Moment,  liquation :  (Pitching  Moment) 


(B84) 


I  Aq  -  M" Aa  =  M  AV  +  M  Aa  +  M  Aq  +  r  (I  -  1  )  -  2p  1  Ap 
y1  a  v  a  q  ez  x  e  xz 


+  p  (I  -I  )  +  2r  I  Ar  +  Mr  6  +  Mr  6. 

1  e  z  x  exz  6e  6^t 

e  t 


(B85) 


N  Moment  liquation:  (Yawing  Moment) 


I  Ar  -  1  Ap  =  p  (I  -  I  )  -  r 
z  zx  ex  y 


I  Aq  +  N  A 8  +  q  (I  -1 
e  xz  6  e  x 


)  +  K  Ap 

y  p 


lQh 


+  -q  I  +  N  a  r  +  N  6  +■  N  6 

e  xz  r  6  r  6  a 

r  a 


Tlie  two  kinematic  equations 


4  Equation: 


A*  =  r  cos*  sec2 9  +  q  sin*  sec2 9 

e  e  e  ^e  e  e 


A 9  +  sin*  tan9  Aq 
2  e  e 


+  AP  +  cos*  tang 
e  e 


Ar  +  < 


q  cos*  tane  -  r  sin*  tang  A* 
e  e  e  e  e  e 


(BOO) 


(B87) 


m  • 


9  Equation : 


A9  =  I  oos* 


oos*  Aq  +  -sin*  Ar  +  -q  sin*  -  r  oos* 
e  0  e  0  e  0 


(B88) 


This  set  of  equations  (B78)  thru  (B88)  represent  the  linearized  coupled 
equations  of  motion  generalized  for  a  steady  level  turn  in  body  axes. 
This  set  of  equations  also  describes  the  aircraft  motion  for  a  straight 
and  level  1G  equilibrium  condition  by  setting  the  appropriate 
equilibrium  values  to  zero.  Recall  the  assumptions  under  which  these 
equations  are  valid 

1.  Ehrth  is  fixed  in  space,  i.e.  inertial  frame. 

2.  Aircraft  is  a  rigid  body. 

3.  Aircraft  rrass  remains  constant. 

4.  Thrust  vector  lies  in  the  plane  of  symmetry. 

5.  Perturbations  from  the  equilibrium  condition  remain  relatively 
small . 

6.  The  products  and  squares  of  the  perturbation  variables  are 
negl ig ible . 

7.  The  earth  is  considered  flat  and  non  rotating. 


H.  llio’  XZ  plane  is  a  piano’  of  symmetry. 
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9.  The  flow  about  the  aircraft  is  quasi-steady. 

ID.  Atmospheric  properties  are  constant  such  as  density  for  a  given 
equilibrium  and  associated  perturbations . 

First  Order  Format 

To  use  linear  control  analysis  techniques  the  systan  of  equations 
will  be  expressed  in  first  order  state  variable  form 

x  =  Ax  +  Bu  (B89) 

where  x  is  tire  state  vector  and  and  u  is  the  input  vector.  The  A  is  the 
system  matrix  and  tire  B  is  tire  control  matrix.  The  two  vectors  x  and  u 
are  defined  as  follows: 


To  manipulate  tire  force  equations  (B78),  (B82)  and  (B83)  into  first 
order  form  the  coef f icients  of  all  the  variables  will  be  designated  by  a 
capital  letter  and  a  subscript.  The  capital  letter  will  be  associated 
with  a  given  variable  and  the  subscript  denotes  tire  force  equation  the 
coefficient  is  associated  with.  Primed  coefficients  are  the  result  of 
coefficient  groupings  occurring  fran  mathematical  manipulation  of  the 
equations.  The  definition  of  these  coefficients  are  presented  in  tire 


hist  of  Symbols  section. 


"1 


c 


X- Force  Equation 

A  Av  +  Fi  A  a  +  C  .Ay  =  I  i  AV  +  E  Aa  +  F  Aq  +  G  A8  +  H  AB  +  K  Ar 

X  X  X  X  X  X^X  X  X 

+  W  6  +  T  a  (B91) 

x  e  x  t 

Y-Force  Equation 

A  Av  +  C  A6  =  I)  Av  +  E  Aa  +  G  A0  +  H  AB  +  J  Ap  +  K  fir  +  Q  At 

y  y  y  y  y  y  y  y  y 

R  6r  +  S  6<1  (B92) 

y  y 

Z-Force  Equation 

A  Av  +  B  Aa  +  C  A0  ~  D  Av  +  E  Aa  +  F  Aq  +  G  A0  ■+■  H  A0  +  I  Ap 
z  z  z  z  z  z  z  z  z 

Q  it  +  W  5  +  T  6  .  (B93) 

z  z  e  z  t 

Now  solving  for  the  different  derivatives  of  the  state  variables  av,  Aa 
and  A8  in  terms  of  each  other  starting  with  the  Y-Force  equation: 

Solving  for  AB  in  terms  of  av 
1 


AB  = 


C 


"y 


D  Av  +  E  Aa  +  G  A0  +  H  AB  +  J  Ap  +  K  Ar  +  Q  A$  +  R  6 

y  y  y  y  y  y  y  y  r 


+  S  6  -  A  AV 

y  y 


( B94 ) 

substituting  (B94)  into  the  x-equation  (B91)  and  grouping  like  terms 


c 
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= 

D 

-  —  L> 
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H  -—pH 

AS  + 

X 

x  Cy  y 

x  C  y 

y  1 

. 

L 

r 

n  r 

C 

jr  E 
C  y 
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Aa 


C 

c-J 
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Ap 


c 

[c  1 

C 

Kx  -  <T  Ky 

.  Y  J 

Ar  + 

1 

*<  '!> 

A  $  +  W  6  +  T  6 ,  + 

x  e  x  t 

-  •—  R 

C  y 

y 

in  i 


t 


fl 


+  ~  7T  S  6 

y  y  1 


(B95) 


Now  subs!  1  tut  ing  (B94)  nito  (B93)  and  grouping  yields 


c  c  c 

A  -  — -  A  AV  +  B  A  a  =  b  —  — —  D  AV  +  E  —  -r~~  E  A  a 
z  C  y  z  z  C  y  z  C  y 

y  y  y 


c  c  c 

+  F  Ag  +  G  -  -7-  G  A0  +  H  -  — ^ —  H  AB  +  J  —  J  Ap 
7.  zCy  zCy  zCy* 

y  y  y 


c  c  c 

+  -  ~  K  Ar  +  Q  -  ~  Q  A»  +  W  «  +T6.  +  -  7^  R  6 

C  V  2  C  V  Z  G  Z  t  C  V  2T 

y  7  y  J  y 


C  v. 


+  -  tv—  S  6 

C  y  a 

y 


( B96 ) 


Further  simplifying  the  notation,  let  the  coefficients  on  equations 
(1595)  and  (B96)  bo  designated  as  follows 


A  ,  —  A  —  V' —  A 
x  x  C  y 

y 


A  ,  =  A  -  -v~  A 
z  z  C  y 

y 


and  sry  on ,  tn  yield 

A  ,Av  +  B  An  —  D  ,Av+E  ,Aa  +  F  Aq+G  ,A9  +  H  ,A8  +  J  ,Ap+K  ,Ar 
X  X  X  X  X  M  X  X  X  '  X 


+  Q  ,  A  $  +W  5  +  T  {  +  R  ,{  +  S  ,  6 

x  xe  xt  x  r  x  a 


( B97 ) 


A  ,  A  v  4-  B  Am  —  D  ,  Av  4  E  ,  Am  4  F  Aq+G  ,  AG  +  H  ,  AS  4  J  ,  Ap  4  K  ,  Ar 
7  7.  7  7  7.  M  Z  Z  7  1  Z 


4  (j  ,  A  <X>  +  W  6  4  T  6  ,  4  R  ,  j  4S,6 

z  7  o  z  t  z  r  z  a 


(B98) 


i 


Solvinj  (MW)  for  An  in  terms  of  Av  yields 


]j-  ~AZ.  AV  +  I^.AV  +  E^Aa  +  F^ACj  +  Gz,A0  +  H^.AB  +  J^.Ap 


+  K  ,ir  +  0  ,a»  +  W  j  +  T  <$  +  R  ,j  +  S  .  6 

z  z  z  e  z  t  z  r  z  e 


( B99 ) 


Now  substituting  equation  (B99)  into  (B97)  av  can  b_>  solved  for 
explicity,  resulting  in  the  following  expression 


Bz  Bx  B 

AV  A  B  -  A  ,B  Dx’  "  B  °z'  AV  +  Ex'  "  B~  Ez‘  Aa 

X  Z  Z  X  Z  z 


c  r* 


+  FX  -  lT  FZ  Aq  +  Gx-  “  B~  Gz'  A6  +  Hx'-B"Hz*  AB 


B  B  B 

+  Jx'--rJ z1  Ap  +  Kx‘  ~  B~  Kz’  Ar  +  Qx--B^Qz-  A0 
Z  Z  z 


*  Wx  _  FT  Wz  se  +  6t  +  V  “  tr  V  «r 

Z  Z  z 


+  s  ,  -  r-  S  ,  6 

x  B  z  a 
z 


(B100) 


doing  back  to  equations  (B97)  and  (B9R),  and  solving  (B97)  for  Av  in 


terms  of  An  results  in 


AV  =  rr—  -B  Aa  +  D  ,  AV  +  E  Aa  +  F  Aq  +  G  ,  A 6  +  H  ,  A6  +  J  ,Ap 
x*  *  A  *  X  X  X  X 


t  Kx,Ar  t  0X,A»  t  Wx6t,  t  Tx«t  +  hx,6r  t  Sx.6n  (B101) 


Substituting  equation  (Biol  )  into  (H9H)  yh  Ms  the  l<>]  1<  1  r  i<  i  < -xj  >t «  :  :  i.  )ti 

for  Aa  in  terms  desired  van  mbit's 


HA,  -  i  ; 

Z  X  X 


b  ,  -  -  1)  ,  Av  +  E  .  -  - —  L  ,  Aa 

Z  a  ,  X  Z  A  ,  X 

X  X 


Az.  A  .  A  , 

+  F  -  — -  F  Au  a  G  ,  -  G  ,  A0  +  H  ,  -  H  ,  A0 

z  A  ,  x  z  A  ,  x  z  A  .  x 

x  x  x 


AZ'  A  ,  A  , 

+  J  ,  -  7-—  J  ,  Ay  +  K  ,  -  K  ,  AT  +  Q  ,  -  Q  ,  A* 

z  A  ,  x  z  A  ,  x  z  A  ,  x 

x  x  x 


+  w  -  7 —  W  6  +  T  --T—  T  6  +  R  ,  -  7—  R  ,  6 

z  A  ,  x  e  z  A,x  t  z  A  ,  x  r 

V  V  V  ' 


A  , 

+  S  ,  -  S  ,  5 

z  A  ,  x  a 
x 


(B102 ) 


Again,  simplifying  notation,  let  the  coefficients  in  equations  (B100) 
and  (B102)  be  designated  as  follows 


B  B 

D  ’  ’  =  - - -  D  ’  -  —  D  ’ 

x  A'B-A’B  x  R  z 
X  Z  7.  X  Z 


a  ■  r  a,  1 

D  '  1  = - - - D  ‘ _ —  D  ' 

z  B  A  '  -  B  A  ’  z  A  x 

Z  X  X  Z  X 


(B103 ) 


(B104 ) 


Note:  Terms  in  (B100)  and  (B102)  that  do  not  include  primed  terms  such 
as  the  coefficient  on  Aq  will  be  designated  as 


B  T  B 

F  '  =  - , - - - , -  F - —  F 

x  A  1 B -  A  'B  x  B  z 

X  Z  Z  X  z 


(B105) 


This  notation  results  in  equations  (B100)  and  (B102)  being  written  as 
fol  haws 


100 


X 


With  tliis  less  cumbersome  notation  equation  (B106)  can  be  substituted 
into  equation  (B94)  to  obtain  the  desired  expression  for  ab¬ 


aci  =  I )  1  1  A  v  +  K  11 A  a  +~  F  1  Aq  +  G  1  1  AO  +  H  '  1  A 8  +  J  1  '  Ap  +  h  ‘  '  A  r 

X  X  X  X  X  X  X 


+  C1  "  At  +  w  ■  5  +  T  '  6m  +  R  1  '  6  +  S  '  ‘  6 

x  x  e  x  T  x  r  x  a 


(BlOb) 


A  a  —  D  1  '  A  v  +  E  1  '  A  a  +  F  'Aq  +  G  11  AO  +  H  11 A  B  +  G  '  '  A  p  K  11 A  r 
z  z  z  ^  z  z  z  r  z 


+  Q  ''At  +  W  ' 6  +  T  1  6  +  R  1 'Ar  +  S  11 6a 

z  zezTz  z 


( B107 ) 


TD  -AD 

L  y  y  x 

"1  aV  +  TE  -  A  E 

J  L  y  y  x 

"J  Aa 

+  [-yt] 

G  -AG  "1 
y  y  x  J 

A 9  +  fH  -  AH  "1 

L  y  y  x  J 

AB  +  j 

[J  -  A  J  ' 

L  y  y  x 

K  -  A  K  "I 
y  y  x  J 

Ar+  ft"  W‘] 

At>  +  | 

r-A  w  •]  6 

L  y  x  J  e 

-A  T  '1  + 

y  x  J  T 

[R  -  A  R  "1  6  + 

L  y  y  x  J  r 

[V 

AS"]  6 
y  x  j  a 

+  r-A  T  ']  +  [R  -  A  R  "1  6  +  fS  -  A  S  "]  «  (B108) 

L  y  x  J  T  ly  yxjr  L  y  y*ja 

The  preceding  manipulations  enabled  equations  (B80),  (B82),  and  (B83), 
the  force  equations,  to  be  written  in  first  order  form.  Using  similar 
techniques  the  moment  equations  will  be  written  in  this  same  form. 
Starting  with  the  pitching  moment  equations  (B85),  the  Aa  equation 
(B107)  is  substitute!  in  for  Aa  and  (B85)  is  then  solved  for  Aq. 

Grouping  like  terms  results  in  the  following  expression. 

AU  =  I—  [M,,  +  M'D  "1  aV  +  fM  +  M'E  Aa  +  +  M‘F  '1  Aa 

1  I  \  a  Z  J  [a  a  Z  j  [  <!  a  Z  J 

V  L 

+  [Mhz"]  46  +  [W]  48  +  [re(Iz-  V  -  2Po:xz  +  Mhz"] 

+  [Pht  -  IJ  *  2r0Ixz  +  4r  +  prop  •]  » 


+  I'M 

+  M'W  '1 

,  6  +  fM  +  M'T  '] 

+  fM  *R  ' ' 

1  6 

[  6e 

a  z  J 

I  e  L  «T  a  z  J 

T 

L  a  z 

J  1 

( B109) 


107 


1 1»-  i  1 !  1  1 1 ► :  t:ir>*ni  (dilution  ( li>H )  includes  Ap  and  Ar  terms,  as  does  the 
•.*!:»!  :•* r..ent  dilution  (B86) .  Using  (BB6)  tc  express  at  in  terms  of  ap 


A  i  ■  .  I  Ap  +  fp  (1  -  I  )  -  r  1  1  Aq  +  N  AS  +  fq  (I  -  I  )  +  N  1  AP 

1  zx  [re  x  y  e  xzj  0  |_de  x  y  pj  ‘ 

+  f-q  I  +  N  ]  at  +  N  6  +  N  6  "I  (B110) 

L  x/-  rJ  «r  r  6a  aJ 

substituting  (HI 10)  into  (B84)  and  grouping  like  terms  produces  the 
following  expression  for  Ap 


AP  =  r 


fl  (I  -  I  )  -  I  2 
z  y  z  xz 

e  I  I  -  I  2 
x  z  ZX 


fl  I  +  I  (I  -I  ) 
xz  z  zx  x  y 

De  O  =_1  5 

X  z  zx 


JL  I 

+  N  I  1 

8  z 

6  xz 

I  I 

-  I  2 

l  x 

z.  z.x 

LI  +  N  I 
p  z  p  zx 

I  I  -  I  2 
X  z  xz 


[L  I  +  N  I  1  fl  (I  -  I  )  -  I  : 

r  z  r  zx  z  y  z  zx 

+  1  r  +  %  - 1  1  --  I . i - 

X  z  xz  x  z  zx 


ii  +  i  (i  -  i  : 
z  xz  zx  x  y 

I  I  -  I  2 
X  z  xz 


+  N  1  1 

fL  I 

+  N  1  1 

6  r  zx 

jr  -i- 

N 

03 
•o  | 

6a  zx 

-  I  2 

0  t 

r 

i  i 

-  I  2 

7.  X 

L  x  z 

zx 

*  I  I  -  I  ■  6r+  -  I  -  r  »  Sa  lBlll> 

X  Z  7,X  I  X  Z  ZX 

Tic  yawing  mmient  or  nvit. ion  (B86)  can  be  solved  for  at  by  writing  Ap  in 
♦  ••tv  y.  of  Ar  ft  •  ir.  'lie  rol  1  ing  noiiont  equation  (B84)  which  is 

!-  At  1  +  Ft  (1  -  1  )  +  p  I  1  AO  +  L  AS  +  fL  +  q  I  i  Ap 

i  xz.  [  e  y  z  e  xzj  ‘  6  f  p  e  xzj 

+  fb  +  g  (I  -I  )]  Ar+L  6  +  Lr  6  ( B112 ) 

L  r  Je  y  z  J  «r  r  6g  a 

and  .substituting  ( lil  12)  into  (B86)  wliich  yields  the  following  expression 
t  if  A  t 


1  (1  -  I  )  -  1  I 


i  (i  -  i  )  +  i  2  ri  (i  -  i  )  -  i  i 

x  x  v  xx.  ,  x~\  y  z  xz  x 

Ar  =  f  e  — rr^r> - +  re  — ------  ^ 

X  X.  ZX  X  X.  zx 


I  + 

L  1  1 

8  x 

b  zx 

I  I  - 

“I  r 

X  z 

zx 

fN  1  + 

L  I  1 

P  x 

p  zx 

I  I 

rT‘T 

X  z 

zx  J 

d  (i  -i  )  +  i  2l 

x  X  y 

zx 

1  1 

~r~^ 

X  z 

zx 

N  I  +  L  I  ' 
r  x _ r  zx 

I  I  17  I  2 
x  z  zx 


I  (1  -  I  )  -  1  II 

zx  y  z  zx  x 

II  -  1  2  Ar 

X  z  zx 


Nl+LI  NI+L1 

fix  fi  zx  fix  5  zx 

r  r  a  a 

TT  -  I  2  6r  +  “l-!  T~  6  a 

x  z  zx  x  z  zx 


( HI 13) 


Equations  (B110)  and  (B112)  can  be  simplified  notation  wise  by  using  the 
following  expressions 


II  =  I  I  -  I  2 
X  z  zx 


I  (I 

-  I  ) 

-  I  2 

z  y 

z 

zx 

11 

I  I 

+  I 

(I  -  I  ) 

zx  z 

zx 

x  y 

11 

I  (I 

-  I  ) 

4-  I  2 

X  X 

y 

ZX 

(El  14) 


I  (I  -  I  )  -  I  I 
zx  y  z  zx  x 


i,  i  +  n  ; 

P  X.  r  x  z 


LI  +  N  I 

,  .  _  _ IL  ™ 

II 


LI  +  N  I 


N„ I  +  L  I 

^  X  $  zx 


N  1  +  L  I 

N  ,  _  p  x _ p  zx 

P  II 

N  I  +  L  1 


Substitutin''?  (HI  14)  and  (B11S)  into  (Bill)  and  (B113)  results  in  tire 
fol  B Twin  )  equations  for  Ap  and  ai* 

Ap  -  p i o(  1 2 )  +  P,,(13)J  ao  +  L,  1 A 8  +  j^Lp*  +  q^(  13 )”j  Ap 

t  fL  '  +  q  (12)1  Ar  +  L  '6  +  L  ‘6  (HI 

r  e  6  r  6  a 

L  J  r  a 

and 

Ar  =  j~p^(I4)  +  r^(15)J  Aq  +  'A6  +  '  +  q^(I4)J  Ap 

+  [V  +  %(I5)1  Ar  +  N6  '6r  +N6  ‘6a  (B1 

L  J  r  a 

Tire  All  and  A 6  equations  (B87)  and  (B88),  respectively,  are  already  in 
tire  desired  first  order  form.  For  convenience,  the  eight  first  order 
linearized  differential  equations  of  motion  generalize!  for  a  steady 
level  turn  equilibrium  condition  are  listed  below 
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( B1 23) 


( B124 ) 


A p  +  roost  tone  "1  tr  +  fa  cost  ton-?  -  r  sins  tana  1  At  (B125) 
L  e  oj  [v  e  c  e  e  cj 


Apjjondix  C 

A-7D  FI ight  Control  System 
A- 7 1 )  Flight  Gantrol  Description 

The  A-7D  flight  control  system  is  a  hydraulically  powered  irrevers¬ 
ible  system.  Longitudinal  control  is  provided  by  a  Unit  Horizontal  Tail 
(UHT) .  The  Longitudinal  feel  system  consists  of  a  dual  gradient  feel 
spring  wlose  force  varies  with  stick  displacement,  two  bobweights  to 
provide  static  and  dynamic  force  gradients,  and  two  viscous  dampers  to 
provide  damping  and  stick  forces  proportional  to  stick  velocity. 

The  lateral  control  is  provided  by  a  combination  aileron  and 
spoiler/de fleeter  system.  Both  sets  of  surfaces  are  active  at  all  times 
except  near  neutral  stick  whore  a  ana 11  dead  spot  in  spoiler  motion 
occurs  to  allow  small  aileron  inputs.  Although  full  lateral  stick 
travel  remains  the  same,  available  surface  deflections  of  aileron  and 
spoilers  increase  frcm  +/-  16  degrees  and  36  degrees  to  +/-  25  degrees 
and  60  degrees,  respectively,  when  control  augmenta t ion  nrxie  is  engaged . 

The  directional  control  system  is  a  conventional  rudder  system.  In 
the  cruise  configuration  +/-  6  degrees  rudder  deflection  is  available 
along  with  an  aileron  rudder  interconnect  (AR1)  system  which  provides 
additional  deflection  when  the  yaw  stabilization  mot  it  is  engaged . 

Tim  aircraft,  has  an  autrmatic  maneuvering  flap  system  (AMI-’)  which 
was  rot  used  during  this  test.  In  addition,  general  autopilot  modes 
were  not  evaluated. 

The  three  modes  of  the  flight  control  system  of  concern  liere  are  the 
mechanical  merit;,  tlie  yaw  stabilization  mode,  and  tlie  control 
au<  mien  tat  ion  nrxle.  The  mechanical  pith  is  paralleled  by  the  other  two. 
With  just  til*.-  mechimcal  pith  tlx;  pilot.  1  1  ies  an  ui .augmented  aircraft  by 


moans  of  cal  los  and  pel  <  -y: . .  ’ll i< •  lost  impi  ovuuent.  occurs  by  selecting 
tlx?  yaw  stabi  1  i/, it  ion  f  V/W  g'i’Aid  it*  be  which  g ives  rubber  trim,  lateral 
accolerat  lot.  teuii  :ab  .n  ha,  n  i  uidet  interconnect  (AK1).  The  normal 

it  ode  used  it;  call'd  M*  a'i:tial  au-inentat  ion  ( CONI’  AUG)  nolo  and 
rotjuires  YAW  STAB  to  i»  cnaagcb.  in  this  full  up  mode  the  pitch  and 
roll  rnocliamoal  paths  are  jviral  lolled  by  electrical  paths  to  provide 
improved  aircraft.  dyiuimics.  In  tbiis  mode,  pitch  rate  gyros  and  normal 
acce 1 eraneter s  improve  pitch  •tamping,  while  roll  rate  feedback  improves 
roll  damping. 

For  this  analysis,  the  flight  control  system  was  simplified  by 
eliminating  tlx?  high  frequency  elements  which  included  the  actuators, 
making  the  non-linear  elements  linear,  and  emitting  the  limiters  in  the 
Y/W  STAB  and  CONI'  AUG  inodes.  Each  axes  will  be  addressed  separately. 
Pitch  Axis 

The  simplified  pitch  axis  block  diagram  (Figure  Cl)  is  used  as  a 
guide  for  writing  the  differential  equations  describing  the  longitudinal 
flight  control  system. 

Starting  with  tlie  mechanical  path  the  following  variables  are 
do  fined . 

q  =  pitch  acceleration  available  fran  existing  state  equation 

a  =  acceleration  in  Z  direction,  exanputed  fran  lift  equation 

K^.  =  sirring  cons  taut  for  dud  gradient  feel  spring 

s 

6  =  new  input  variable  representing  pilot  elevator  input  in  pounds 

6  =  new  variable  for  mechanical  path 

UTli 

6  =  new  state  variable  for  mechanical  path 

cm  j 

6  1  =  K  6  ;  K  is  trim  constant  which  varies  with  l  JUT  trim 

an;  a  fin,  a 

josi  t  i  -  m . 

1  M 


Figure  Cl.  Pitch  Axis  (Mechanical 


Using  block  diagram  algebra 


6 

earrij 


6  +  9.6q  -  .0855a 

ep  1  z 


(Cl) 


em2 


em, 


.5 


s  +  -5K, 


(C2) 


The  two  constants  9.6  and  .0855  are  related  to  the  dual  bob  weights 
in  tlie  aircraft.  Cne  bcb  weight  is  located  forward  of  the  control  stick 
and  one  is  located  in  the  tail  of  the  aircraft.  Normally  the  ratio  of 
these  two  numbers  will  give  the  location  of  the  bob  weight  in  relation 
to  the  center  of  rotation;  however,  in  this  case  the  ratio  yields 


9.6 

.0855 


ft  slug 


slug 


=  112.3  ft 


This  distance  is  an  effective  length  due  to  the  fore/aft  bob  weight 
configuration.  This  configuration  results  in  tlie  bob  weight  pair  being 
most  effective  during  pitch  accelerations,  and  has  a  minor  effect  on 
stick  forces  during  steady  maneuvers. 

The  K  is  a  spring  constant  for  the  dual  gradient  feel  spring  with 
s 


the  following  schedule 


t 


< 


n 


< 

:< 


Figure  C2.  Dual  Gradient  Teel  Spring 


The  initial  value  of  for  the  first  0.25  inches  of  control  cable 

s 

movement  is  32  lb/ in  changing  to  2-909  lb/ in  for  larger  deflection. 

Continuing  with  the  block  diagram  algebra  gives 

5  (s  +  .5k,  )  =  .55 
on.  f  em. 


5  .  =  -55  -  .5k  5 

in ,  on,  f  tan 

2  1  S  2 


Substituting  for  5  yields 


{ C3 ) 


«r 


on. 


.5 fs  +  9. 6q  -  .0855a  1  -  .5K^ 
I  eP  Z  f 


5  cm 
s  2 


( 04) 


The  control  augmentation  system  (CA S'  portion  is  reduced  in  a 
similar  manner  using  the  fnl  i  v:r.  i  v»r  iabies 
5  -  ri<  *w  v  triable 


;  i<  “W  :;t  . 1 1  >■  v.  tr  i .  1'  >1  < ■ 


•v  t  * .  *  :  ! : 


K  =  .00054  with  K  being 


i  :  .  •  • 4  . 


.00054 


~g  sec2  rad]  _  1 

ft  deg  ( 32 . 2( ft/sec2 )/g) ( 57. 3doj  1  rad) 


The  K  term  is 
sa 


io 


2  9. 


.31  deg  32 .2  ft 
lb  sec2g 


The  .00054  coefficient  on  a  is 


fsec2radl  1  de:  ,,  1  den  . .000 54a  sec 2  rad . 

.00054  — — —  =  - •-  Ku  - - ^  ( - ,  r-,- — w— — ) 

ft  g  ■  g  tt  dog 

The  coefficient  on  q  is  node  tqa  of  the  following 


.0003794  teSil  «  7ft  1423.  K 
ft  g 


where  th.e  7ft  is  th.e  distance  fowir  1  of  the  c.g.  of  the  accelercneter . 
E\ir t her  reduction 

6  1.8182 

e, 

&  s  +  1.8182  ( 


which  giver 


6  (  r  +  1  .8182)  --  1  n-.l 


6  =  1.8182  s  -  1 .81 82 r 

e,  oi 


substituting  {<  ' 


.  «  r  : , 


( d>  i 


n 


Adding  tiie  pitch  rate 


6  =  6  +  .25q  ( C9 

e  .  e2 
CAS 

The  pitch  CAS  liiniter  which  limits  CAS  authority  to  +  .084  radians 

has  teen  emitted  to  keep  the  equations  linear.  The  total  elevator 

cannanded  by  the  mechanical  and  CAS  paths  is  represented  by  6^  ,  which 

c 

equa 1 s 


6  =  6  •  +  6 
ec  emu  e. 


(CIO) 


aril  frem  before 


The  trim  constant  is  a  function  of  the  trimed  position  of  the  UHT 
which  varies  frem  .05  with  UHT  at  4°  TEU  and  .1  with  UHT  at  8°  TEU. 


(For  this  analysis  .05  was  used  for  lg,  .075  for  2G,  and  .1  for  3G.) 
Actuator  dynamics  were  considered  negligible  resulting  in  the 


s  +  20 


6  =6 
ec  e 

Everywhere  a  6^  appears  in  the  original  state  equations,  the 


expression 


6  =6  '+  6 
a  emu  e 


k  6  +6  +  . 25q  (fully  augmented) 

T  cm2  e2 


6=6  '  (mechanical  only) 

e  em2  1 


( Cl  1 ) 


(Cl  2) 


will  be  substituted. 


Sinn,  ir  i  zi  nq  the  pitch  axis  equations  yields 


4  -  k  4  +4  +  .25g 

e  T  <  i a 2  e2 


.  * »  I  4  +  9.()<i  -  .0855a  1  -  .5Kr  4 

1  m 2  l  cp  -  zj  f  cm 2 


6  '  -  1.8182  r.'Vi54i  -  .00054a  +  .003794q]  -  1.81824 

>'z  L  ep  Z  0  Gz 


Tlx.'  a  term  is  calculated  using  the  lift  equation 


’  AZ, 


where  F 


’AZ. 


rm 

z 

is  the  z  body  axis  aerodynamic  force  component,  which  gives 


( C13 ) 


Rol 1  Axis 

The  simplified  roll  axis  block  diagram  (Figure  C3)  is  used  to  aid  in 
writing  the  lateral  flight  control  equations. 

The  variables  used  in  1 1  •  niainiin'al  pith 
I  4  =  input  variable  represent ing  pilot  aileron  input  in  pounds 


I 


I 


l 


c 


( 


€  ^ 


i : i )  hi -iiuqran!  algebra 


am. 


am. 


am. 


s  +  12.8 


(feel  spring) 


which  gives 


6  (s  12.8}  =  2  6 

<-,n2  am1 


or 


6  =  2  « 
™2 


12.6  «  =  2  6  -  12.8  6. 


am. 


■2  aP 

going  through  the  feel  isolation  servo 
6 


am2 


am 


3  1.238 


6  s  +■  12.5 

■am, 

2 


which  qivoi 


<5  (s  +  12.5)  =  1.2386 
an3  am2 


12.5  6 


Thj  G'lij  jilt:!'.  uses  the  fol  lowing  variables 


win, ini  (■ 


v  iri.mn 


p  :  •  !  !  :  i  •  • 


( C14 ) 


( C15 


( C16 ) 


( Cl  7 ) 


(C16) 


iSi 


i ;  t .  ;r 


i  ..  . 

u- 


+  5  +  .  1 1  > 


:,;‘i  v 
Su:r.  -.r ; 


•  se.bst  itufee  for  6_  in  the  original 


the  roll  equations  yields 


i  +  .  Ip 
iJr‘3  *3 

2  !  -  12.«  i 

ap 


i.2jh  5 


Ip.,  j  t  1  ’  t  !  V-  1  «■*'  i  *.  L 1.' 


« i- 


t 


Taking  the  derivative  of  5  yields 


( C31 ) 


( C32 ) 


{ C33 ) 


Again  assuming  actuator  dynamics  to  be  negligible 


6  =  5 

r  r 


The  total  rudder  equation  becomes 

5  =  5  +  i 

r  rm  r, , 


--=  .001 

6  + 

6  +  6 

rp 

r4  ri0 

=  .001 

6  4- 

.2  6  +6 

4-5  4-6 

rp 

3  r3 

r8  r9 

=  .001 

6  4 

.  2  6  4-6 

4-5  4-  .003  6 

( C45 ) 

rp 

a  r3 

oD 

U 

CO 

substituting 

for  6 

yields  the 

following  6  equation. 

In  addition,  the 

yaw  axis  state  equations  are  surmarized 


6  —  .  00  16  4-  •  2  [6  4-6  4-  .  1  p  3  4-  6  4-6  4-,  QO  3  6 

r  rp  am3  a3  r3  r8  lV 

6  =  . 25  r  -  .01 lp  -  6 

r  3  ‘  r3 

6  =  2  a  4-  p}r  _  2  6 

r,  y  r. 


6  =  .0009  6 

rR  1  (, 

The  only  teim  remaining  to  ho  cal  culated  is  the  lateral  acceleration 
which  is  obtninM i  iron  *  !*’  Y  foiav*  eqi.it ion 


r  ■  ■  ■.  ■ 

■  ■  -■  ■  - -  y  1 — 1 — "  w  r  .  *•  »■.  ■  1  »'T  P"  '  y  ' 

- — v’ — u'ji - m  «"■  *  — *- 

■  ■  *  ■  *  -.M 

i 

1 

which  gives 

< 

a  =  -  Ty  +  Y  Ap  +  Y  Ar  +  y,  6  +  Y,  «  ] 

Y  tn  L  B  p  r  &  r  6  aj 

I  (i 

(C46) 

1 

5 

» 

i 

1 

, 

i 

1 

( 

1 

f 

1 

1 

1 

1 

» 

1 

» 

1  'JO 

1 

1 

-  _  1 

Appendix  D 

Gcmputer  Program  Explanations  and  Code 
I  wrote  several  computer  programs  to  aid  my  analysis.  The  programs 
are  written  in  Applesoft  Basic  and  were  run  on  an  Apple  II  Plus  heme 
computer  in  the  following  configuration: 


Apple  II  Plus  48K  2  Disk  Drives  Slot  6 
Andromeda  16K  RAM  Expansion  Card  Slot  0 
Videx  80  Column  Card  Slot  3 
Hayes  Micro  Modem  II  Slot  2 
Epson  MX-100  Printer  with  Parallel 

Interface  Slot  1 
EPS  Keyboard 


A  brief  description  of  each  program  and  its  code  is  provided  for 
reference. 

Data  Creator 

This  program  creates  a  random  access  data  file  on  floppy  disk  for 
use  with  the  other  programs.  Three  options  are  used  to  input  data. 

1.  New  Data  Ehtered:  This  option  clears  the  disk  of  all  prior  data 
and  allows  entry  of  specific  data  for  1G  flight  conditions. 

2.  Change  Current  Data:  This  option  allows  incorrect  entries  to  be 
changed  without  erasing  data  already  on  the  disk. 

3.  Aid  Data:  This  option  allows  entry  of  data  for  other  than  1G 
without  erasing  data  already  on  the  disk. 


1 


t 


i  V 


► 


r 


CREATOR 


It 

1  y 

REM 

THESIS  AID:  CREATES  RANDOM 

2*} 

REM 

3  e 

REM 

BY  JEFFREY  R.  RIEMER 

ae 

REM 

14  APRIL  1983 

< 

50 

REM 

60 

TEXT 

HOME 

PRINT  CHR*  (12) 
PRINT 


70 

D*  =  CHR* 

(4) 

:  REM  CTRL- 

D 

80 

DIM  K< 1 00 ) 

90 

PRINT 

“  1  - 

ENTER  NEW  DATA  SET " 

100 

PRINT 
:  PRINT 

1  1  0 

PRINT 

■2  - 

CHANGE  cuprent  data- 

1  20 

PRINT 
:  PRINT 

1  25 

PRINT 
:  PRINT 
:  PRINT 

■3  - 

ADD  TO  DATA" 

1  30 

PRINT 

■ENTER  OPTION  — >" ; 

1  49 

GET  A 
:  PRINT 

A 

1  50 

ON  A  GOTO 

160,1000,1 200 

1  60 

PRINT 

D*;  " 

OPEN  A7-D , D2  ’ 

I  70 

PRINT 

D*  ;  * 

DELETE  A7-D.D2" 

:  R0 

PRINT 

D*  ;  " 

OPEN  A7-O.L20 . D2' 

1  85 

PRINT 
:  PRINT 

1  90 

PRIN'r 

“ENTER  THE  FOLLOWING  DATA" 

1  95 

PRINT 

200 

INPUT 

•ALTITUDE 

2 1  0 

INPUT 

"INI DCATED  MACH  MUMPER 

H= 

1MM= 


;  K  <  0  ) 
;  P  -  I  > 


3 

*i 


i 


220 

INPUT  “DENSITY 

RO= 

"  ;  K  <  2  1 

230 

INPUT  "VELOCITY  <FT/SEC> 

K>= 

"  ;  K <  3  - 

240 

INPUT  -UJING  AREA 

S— 

"  ;  K  <  4  » 

250 

INPUT  "MEAN  GEOMETRIC  CHORD 

c*= 

"  ;  K  (  5  ) 

260 

INPUT  -UJING  SPAN 

B= 

“  j  K<  6) 

270 

INPUT  -ACCELERATION  OF  GRAVITY 

6= 

"  ;K(  7) 

289 

INPUT  -CENTER  OF  GRAVITY 

CG= 

“  ;  K  (  8  ) 

290 

INPUT  "GROSS  WEIGHT 

LIT  = 

“  i  K  (  9  > 

30  0 

PRINT 

PRINT 

310 

INPUT  “CM  ALPHA 

CMA= 

"  ;  K  C  1  0  > 

320 

INPUT  "CM  DELTA  ELEVATOR 

CMDE= 

“  ;  K(  1  1  ) 

330 

INPUT  "CL  ALPHA 

CLA= 

“ ;K< 12) 

340 

INPUT  “CL  DELTA  ELEVATOR 

CLDE= 

“  ;  K  <  1  3 ) 

350 

INPUT  ■ 

CMQ= 

" ; K< 1 4) 

360 

INPUT  ■ 

CLQ= 

-  ; K  C 15) 

370 

INPUT  “ALPHA  ST  &  LEVEL  FLT 

A0= 

“ ;K< 1 6) 

380 

INPUT  "SIDE  FORCE  DUE  TO  BETA 

CY  B= 

"  ;  K  (  1  7  > 

390 

INPUT  “CY  DELTA  RUDDER 

CYDR"= 

"  ;K< 18) 

400 

INPUT  “CY  DELTA  AILERON 

CYDA— 

"  ;K(  1 9) 

410 

INPUT  “ 

CYP= 

"  ;  K(  20  > 

420 

INPUT  - 

CYR= 

“  ;K<  21  ) 

430 

INPUT  “ROLLING  DUE  TO  BETA 

CLB= 

“  ;K<  22) 

440 

INPUT  “CL  DELTA  RUDDEP 

CL  DP- 

"  ;  K  (  2  3  ' 

450 

INPUT  "CL  DELTA  mILLRON 

LLC'A= 

"  ;  h  >  2  4  > 

460 

INPUT  ” 

CL  P~ 

“ ;K( 25) 

470 

INPUT  “ 

CLR= 

“ ;K( 26) 

480 

INPUT  “YAW  DUE  TO  BETA 

CNB= 

“ ;K( 27) 

490 

INPUT  “CN  DELTA  RUDDEP 

CNDR~ 

"  ;K<  28) 

500 

INPUT  “CN  DELTA  AILERON 

CNPA*= 

" ; H< 2P ) 

510 

INPUT 

Lf  JP  = 

"  ;  K  <  3 1 If 

520 

INPUT 

- 

CNR= 

"  ;  K  (  31  > 

530 

INPUT 

“LIFT  COEFFICIENT 

CL  = 

”  ;  K  <  3  2  ) 

5*10 

INPUT 

CLV= 

"  ;K<  33) 

550 

INPUT 

“CL  ALPHA  DOT 

CLAD= 

"  ; K  C 34) 

560 

INPUT 

“DRAG  COEFFICIENT 

CD= 

"  ; K  <  35  > 

570 

INPUT 

CDV= 

■ j  K  <  36 ) 

580 

INPUT 

"CD  ALPHA 

CDA= 

" ;K( 37) 

590 

INPUT 

“CD  DELTA  ELEVATOR 

CDDE= 

"  ; K ( 38  > 

600 

INPUT 

CMV= 

" ; K< 39) 

610 

INPUT 

•cm  delta  THROTTLE 

CMDT- 

"  ;  K<  40  ) 

620 

INPUT 

“CM  ALPHA  DOT 

CMAD= 

"  ;K<4I > 

625 

IF  A 

3  THEN  GOTO  1230 

630 

INPUT 

“MOMENT  OF  INERTIA  ( SA > 

IX= 

"  ;  K ( 42 ) 

640 

INPUT 

M 

IY= 

" ; K<  43) 

650 

INPUT 

■ 

I  Z  = 

■  ;K(44> 

660 

INPUT 

"PRODUCT  OF  INERTIA 

2X= 

"  ;K<  45) 

670 

FOR  I 

=  0  TO  45 

680 

PRINT  D*;*URITE  A?-D,R';I 

690 

PRINT  K <  1  ) 

700 

NEXT 

701 

PRINT 

D*  ;  "CLOSE  A7-0" 

70  2 

PRINT 

D*j"OPEN  A7-D.L20.D2" 

70  3 

PRINT 

I  nput 

"DELTA  fLF’V.TOP  ST  *,  L  L'L 

flt  ■ 

I  T 

1 

PRINT 

PRINT 

PRINT 

D4 

D*;"WRITE  A7-D,R';58 

I  T 

71  0 

PRINT 

0* ; " CLOSE  A7-D" 

720 

END 

10  00 

PRINT 

"ENTER  THE  RECORD  NUMBER 

TO  BE 

CHANGED 

i  PRINT 


n  1  H  INPUT  "RECORD  NUMBER  &  STARTING  BLOCK  "  ;  1  ,  S 


020  INPUT  "ENTER  VALUE  -;K'iI  -  S> 


030  PRINT  Dt ; “OPEN  A7-D.L20 ,D2" 


040  PRINT  Dt;‘URIT£  A7-D,R"»I 


050  PRINT  KCI  -  S) 


060  PRINT  Dt ; " CLOSE  A7-D” 


070  PRINT  "UOULO  YOU  LIKE  TO  CHANGE  ANOTHER  RECORD"5 


080  INPUT  A* 


070  IF  At  =  -Y-  THEN  1000 


100  END 


200  REM  ADDS  DATA  TO  EXISTING  DATA  DISK 


210  PRINT  Dt  j " OPEN  A7-D.L20.D2* 


220  GOTO  310 


230  INPUT  "ENTER  STARTING  RECORD  NUMBER  FOR  STORAGE 


240  I  *  10 


250  FOR  R  =  S  TO  <S  ♦  31  > 


260  PRINT  Dt ; "WR I TE  A7-D,R“;R 


270  PRINT  K< I  ) 


280  1=1*1 
:  NEXT 


290  PRINT  Dt; "CLOSE  A7-D" 


300  PRINT  -DO  YOU  NEED  TO  MAKE  ANY  CHANGES?" 


310  INPUT  At 


320  IF  At  =  -N-  THEN  END 


330  GOTO  1000 


Delta  Alpha  Solver 


This  program  uses  1G  data  from  the  data  disk  created  by  "Data 

Creator"  to  calculate  the  change  in  angle  of  attack  (a)  and  the  change 

in  horizontal  tail  deflection  (6e)  for  a  range  of  load  factors.  From 

the  specified  load  factors,  bank  angles  are  calculated.  These  load 

factors  and  bank  angles  in  stability  axes  are  converted  to  body  axes, 

and  equilibria!)  values  of  roll  rate  (pe),  pitch  rate  ( ,  and  yaw  rate 

(r  )  are  calculated.  All  the  results  of  this  program  are  stored  on  the 

same  data  disk  containing  the  "Data  Creator"  files.  A  printout  of  Aa , 

A6  ,  «  ,  n  ,  ,  and  n,  is  also  available, 

e  s  s  b  d 

Once  these  Aa's  are  available  for  the  various  load  factors,  the 
stability  derivatives  for  the  new  equilibrium  angle  of  attacks  are 
manually  extracted  from  the  aerodynamic  data  package  and  entered  onto 
tic  data  disk  using  "Data  Creator"  option  3. 

The  equations  used  in  this  program  are  developed  by  considering  an 
aircraft  in  a  steady  turn  [Ref  3]. 

Steady  Turn 

The  axis  system  used  to  describe  turning  flight  can  greatly  affect 
the  expressions  that  define  the  parameters  of  interest.  The  development 
in  [Ref  3]  starts  with  body  axes  expressions  for  the  angular  rates  p,  q, 
ar»3  r;  lowever,  tlx?  assumptions  made  subtlely  result  in  stability  axes 
expressions  when  solving  for  the  changes  in  angle  of  attack  and  elevator 
deflection . 

Since  the  aerodynamic  data  package  used  in  this  wark  contains 
stability  axes  data,  the  assumptions  necessary  to  go  frem  body  axes 
expressions  to  stability  axes  expressions  will  be  described.  Chce  the 
change  in  a  and  Se  are  calculated  using  stability  axes  the  expressions 


necessary  to  relate  tank  angle  and  load  factor  between  the  stability  . md 
Ixxly  axes  systems  will  be  developed  to  calculate  the  required 
equilibrium  values  for  p,  q,  and  r  in  body  axes. 


Tlx;  Ixxly  axes  angular  rates  are  given  by 


'  p~ 

$  -  ®sin8 

q 

8cos®  +  ®sin®cos0 

r 

B 

-9  sin®  +  ®cos$cos0 

(Dl) 


For  the  steady  turn  ®  =0  =  0  at  equilibrium,  therefore 


~Pe" 

"-®sin0e 

— 

®sin®  cose 

e 

e  e 

r 

®COS®  OOS0 

C 

B 

e  e 

(D2) 


B 


In  addition,  the  ball  in  the  turn  and  slip  indicator  will  be  centered 
resulting  in  zero  side  force,  Y  =  0.  Looking  at  the  body  axes  Y  force 
equation 


F.  +  mqcosQ  sin®  =  m(v  +  r  u  -  p  w) 
AYb  ^  e  e  e  e 


where 


(D3) 


f»B  -  Y  =  0 


(D5) 


v  =  0  (equilibrium) 
which  gives 


nqctoso  sin®  =  mr  u  -  mp  w 
o  c  q  e 


The  Z  force  equation  is 


-Tsinam  +  F„_  +  rrqaos®  aos9 

T  AZ  ^  e  e 


m(w  +  p  v  -  q  u) 
e  e 


where 


( Lki> ) 


(D7) 


Tsinci  -  0 


(D8) 


F„„  =  -D  sina  -  L  oosa 

AZ  e  e 


w  =  0  (<xjui  I  ibrium) 


( 


Ffl 


( 


f  * 


which  gives 


-D  sina  -  L  oosa  +  mgcos®  cost)  =  mp  v  -  ma  u 
o  e  -  e  e  e  e 


(D9) 


Ftkin  [Ref  3]  assumes  mpw  and  mpv  to  be  much  smaller  than  mru  and  mqu 

respectively  and  thereby  neglecting  than  is  the  subtle  assumption  that 

makes  his  resulting  expresisons  equivalent  to  stability  axes 

expressions.  For  stability  axes  the  following  is  true 

a  =  0  =6  =  p  =  v  =  w  =  0 

e  e  c  L  c 

therefore,  the  Y  and  Z  force  equations  at  equilibrium  become 
Y  Force  (stability  axes) 


mqsin$  -  rnr  u 
^  e  e 


Z  three  (stability  axes) 


L  =  mgcoso^  +  mqu 


where 


u  =  Vcosa  coss  =  V 
e  e 


(DIO) 


(Dll) 


(D12) 


substituting  for  r^  and  using 


T 

0) 

G* 

L_  . 

0 

qe 

— 

\tisin<j 

e 

r 

e 

4)  cos® 

_ 

(D13) 


'  1 1' !  >  t r 


Y:  mqsiti}  nuoos$  V 
e  e 


Z:  L  =  mgoos®^  +  rrtysint^V 


Unit*}  t. lie  Y  equation  to  solve  for  ®  gives 


qtan} 

e 


( D14 ) 
(D15) 


(bib) 


1  ft 


The  subscript  "s"  denoting  stability  axes  will  be  emitted  in  tiie 
following  steps.  Substituting  into  the  Z  equation  gives 


C  V. 


L  =  nnrost  +  mutant  sint 
e  -  e  e  e 


rearranging 


L  ros!i  +  sin2t 
e  e  e 


This  expression  defines  load  factor  n. 


L  _  _  1 

W  n  cost 


(Did) 


(D19) 


Determining  a  change  in  a  relates  to  a  change  in  lift.  Taking  the 
difference  between  1G  and  nG's  of  lift  yields. 

A  lift  =  <5L  =  L-W  =  nW  -  W 


ftL  =  (n-1 )W 


Also  recall  that  in  equilibrium 
Z  Moments  (L  =  M  =  N)  -  0 


(D20) 


(021) 


(D22 ) 


Y  =  0 


Using  the  functional  relationships  given  in  Appendix  B,  and  neglecting 

the  L  ,  M  and  M*  terms  which  are  very  small  compared  to  the  other 
v  v  a 

terms  give  the  following  set  of  equations. 

M  -i  +  M  o  +  M  6  =  0 

a  q  '  5  <■ 

e 

La+Lq+L  6  =  ( n— 1 ) W 

a  q  5  e 

^  e 


Y  8  t  Yp  +  Y  r  +  Y  6  +  Y  6  =0 

B  F  r  6  r  6  a 

r  a 


(D23) 


N  6  +  N  p  +  N  r  +  N  o  +  N  6  —  0 

B  pf  r  6  „  r  6.  a 

I 


I,  B  +  h  p  +  I.  r  +  I,  ft  +  b  6 
B  p  r  ft  i  &  a 


ft  i  ft  a 
r  a 


0 


1 


f'(i 


GW 


to 


CK 


']‘j  ;» >  1  ve  for  the  cnange  in  a  and  6<*  as  load  factor  increases  the  pitch¬ 
ing  lament  and  lift  equations  alow  are  written  in  matrix  form  and 


i  v<  - 


"  M 

a 

M 

6e 

Aa 

_  _ 

"  M 

q 

q  ^  + 

0 

L 

L  a 

L 

6e  _ 

A<5  C 

L 

q  _ 

( n- 1 )  w 

;i)24) 


The  pitch  rate  q  can  be  expressed  in  terms  of  load  factor  and  velocity 

q  =  iisinte 
e 

1 


cos$e 


substituting  for  ^D(16)  and  letting 

gtantesin$e  _  ngsin2$e 
qe  ”  V  V 

Using  the  trigometric  identity  oos2$e  +  sin2*e  =  1  gives 


qe  = 


ng( 1  -  cos2$e) 
V 


letting 


.  1 

oos2$e  = 


and  simplifying 
g(n2 -1 ) 


qe  = 


Vn 


(D25) 


(D26) 


(D27) 


(D28) 


This  expression  can  also  be  written  in  the  following  form  which  allows 
for  convenient  grouping  of  terms 

g( n+1 ) ( n-1 )  _  nn( n+1 ) ( n-1 ) 


qe  Vn  mVn 

Using  this  expression  for  and  applying  Cramer’s  rule  to  solve  the 
matrix  equation  for  Aa^  and  A5q  yields 


I  >29 ) 


An  -  (n-1  )W 


-M  +  L  -M  L  ) 

60  Vmn  6  q  q  6 

o  o  J 


(030) 


M  I. 
a  0 


0  M, 

a  5 


1  1  1 


j 


A  At-  =  (n-1  )W 


(D31) 


r.+  1 


The  coefficient  form  of  these  .  quat  i-  i.s  civ  t».*h  >w  .e-re  .actually 
progrannod  since  the  dimensional  derivative!;  are  not  available  at  this 
[■joint  on  the  data  disk. 


s«  =  (n-1)  C  [-C  +  In+lJipSc) 

e  w  m6  -4mn  m6  L 

L  e  e  q 

C  CL  -  C.  C 
rm  L  L  m 

6  a  6 


(D  32) 


iie  =  (n-1)  C  f  +  (nh)<RSS-)  <C  C,  -  C 
w  m  4mn  m  t  rr 


"l  )_ 

n  — 1 


“m  St  S.  Sn. 


q  a _  a  a 


(D33 ) 


With  Aae  available,  it  can  be-  added  to  a  for  1G  level  fliqht.  to  obtain 

o 

the  new  equilibrium  a  for  the  steady  turn.  The  aerodynamic  data  package 
can  be  reentered  to  detennine  new  values  for  stability  derivatives 
affected  by  angle  of  attack. 

lb  obtain  equilibrium  anqular  rates  r>  ,  a  am  r  in  tody  axes,  it 

“  e  ‘o  e 

is  necessary  to  relate  stability  axes  and  body  axes  tank  angles.  In 
addition,  the  load  factors  will  also  be  related  lie  tween  those  axes. 
Returning  to  the  body  axes  expressions  for  the  angular  taxes  and  the  V 
for-..,.  ouuat-ion  wo  have 


-v  smu 


trsin$  aoso 
e  e 


i^eos*  COSO 


(D34) 


riucosO  sin#  =  irj  u  -  r:p  * 
>  *  e  e  e 


(035) 


t 


Using  the  Y  equation  and  substituting  with  the  following 


r  =  taosi  cos9 
e  e  e 


P 


< 


B 


p  =  -<jisin0 
e  e 

u  =  Veosa  cos6 
e  e 

w  =  Vsina  cosB 
e  e 


(I 


gives 


mgcose  sin®  =  m^cos^  cos9  Veosa  cosB  +  m®sin9  Vsina  aosB 


rearranging  and  assumbing  8=0  gives 


4<V 

g 


cose  sm® 
e  e 


cos®  cose  aosa  +  sme  sina 
e  e  e  e  e 


(1 


Recall  in  stability  axes 
tan®  ~] 


4;V  = 

g 


therefore 


"tan® 

e 

S 

cos9  sin® 
e  e 


cos®  aose  cosa  +  sing  sina 
e  e  e  e  e 


a 


Since  in  body  axes  ae  =  9 ,  a^  can  be  substituted  for  9e  which  gives 


(1 


’tarn 

e 

s 

cosa  sin®  ] 

e 

e 

cos2 a  aos$ 

+  sin2a 

e  e 

c 

The  va ] ue  for  a  is  known 
e 


and 


can  tx?  determined  from 


Ns 

To  solve  for 
form 


=  cos  1  (— ) 

n 


(1 


|"®ejg  the  above  equation  can  be  written  in  the  following 


(  ,  = 


CTsin® 

2  e 


CYcos®  +  C. 
i  e  4 


(r 


L 


where 


C,  -  tan$ 

1  es 

C„  =  cosa 

2  e 

Cn  =  COS 2 a 

3  e 

C.  =  sin2a 

4  e 

rearranging  gives 

G,  C.  =  C„sin<t  -  C,  C_cos$ 

14  2  e  13  e 

by  letting 

C  =  -c  C 

5  13 

this  expression  becomes 

CtCh  =  C„sin4>  +  C,.cos«> 

14  2  e  5  e 

Using  the  trigometric  identity 

sin  ( <t>  +  n )  =  sin<t  cosn  +  cos«>  sinn 

e  e  e 

where  q  is  an  arbritrary  angle,  and  multiplying  by  an  arbritrary 
constant  C,  gives 

Csin(«  +  n)  =  Csin$  oosn  +  Coos$  sinn 
e  e  e 

which  can  be  written  as 

Csin(4>  +  n)  =  C_sin«  +  C-cos# 
e  2  e  5  e 

by  letting 

=  Ccosn 
Q.  =  Csinn 

Solving  for  C  and  n  gives 

C  =  /  C2  +  C2  (D46) 


Equating  (D44)  and  (D45)  yields 


C,  C.  =  Csin($  +  n 
14  e 


(D46) 


or 


t  =  sin 
eB 


C  C 
,14, 


(D47) 


This  expression  gives  the  body  axes  bank  angle  in  terms  of  a  and  4> 


With  <i>e  computed  and  realizing  a  e=  0  Qfor  body  axes  the  equilibrium 
values  for  p^,  and  r^  can  be  calculated  using  (D34).  The  expression 


for  \i>  is  obtained  frcm  (DIG).  The  body  axes  load  factor  can  also  be 


calculated  as  follows. 


Repeating  the  body  axes  Z  force  equation 


-TsinaT  -  D^sina  -  L^cosa  +  mgcos^cose^^  =  TPev  ~  nx^u  (D48) 


and  noting  that  the  lifting  force  is  in  the  -Z  direction  gives 


Tsina„  +  D  sina  +  L  cosa  =  mgcos®  cose  -  mp  V  +  mq  u  (D49) 

X  0  0  0  0  0  0 


substituting  the  following 


p  =  -tIi  sine 
1  e  e 

q  =  iiisin$  cose 
e  e  e 

(D50) 

u  =  Vcosa  cose 
e  e 

V  =  Vsing 


gives 


Tsina^  +  D  sina  +  L  cosa  =  mqcos$  cos8  +  m'l'sine  VsinB 
Teeee^ee  e  e 


+  rrty  sin#  aose  Vcosa  oosB 
0  0  0  0 


Assuming  8=0  and  substituting  for  ijj V  using  (DIG)  gives 


hr, 


(D51) 


I 


Tsina  +  D  sina  +  L  cosa  =  mgoos®  aose 
T  g  e  e  e  e  e 


cose  sin® 

e  e  . 

- . - i -  sin®  cose  oosa 

cos®  aose  cosa  +  sina  sine  e  e  e 

e  e  e  e  e 


(D52) 


Again  noting  that  ae  =  6e  in  body  axes,  and  rearranging  the  expression 
the  body  axes  load  factor  becomes 

Tsin«  +  D  sina  +  L  cosa  cosa  (cosJa  (1-cos®  )  +  cos®  ) 

_  T  e  e  e  e  _  e _ e _ e _ e_  ( 

nB  ng  1  +  cos2ae(cos®e~l ) 

The  equilibrium  values  for  sideslip,  rudder  and  aileron  deflection 
are  calculated  in  the  AMAT  and  EMAT  program  using  data  from  this  program 
arri  solving  the  side  force,  yawing  and  rolling  moment  equations  given  by 
(D23).  These  equations  written  in  matrix  form  are  given  below 


<  * 


Y  Y  0 

B  6  r 

L  L  L 

B  6T  6a 

N  N  N 

B  6r  6a 


Y  Y 
P  r 

=  LP  Lr 

NP  Nr 


(D54) 


Again,  the  coefficient  form  was  used  in  the  program.  The  p&  and  are 
changed  to  p^  and  r^  by  multiplying  by  ( b/ 2V^ ) .  In  the  program  the 
matrix  pre-multiplying  [Be  6r  6a]  is  inverted  using  the  cofactor 
method . 


This  gives 

fM 


c  c 


c  c 

n  n 


6r 

6r 

6  r 

c"5a 

C  C 
n  n 


-Pe(b/2Ve) 


-r  (b/2V  ) 
e  e 


(D55) 


OELTh  hLPHA  SOLVER 


2000  REM  DELTA  ALPHA  AND  DELTA  STABILATOR  SOL1  r  R 


2010  REM 


2020  REM  PRINTS  OUT  LOAD  FACTOR  AND  BANK  ANGLE  FOR  BOTH 
STABILITY  AND  BODY  AXIS 


20  30 

REM 

20  40 

REM  BY  JEFFREY  R.  RIEMER 

2050 

REM  14  APRIL  1983 

2060 

REM 

20  70 

TEXT 

HOME 

PRINT  CHR*  ( 12> 

PRINT 

2080 

D*  =  CHR*  <  4  > 

2082 

DR  =  57.29577951 

2090 

DEF  FN  SE<X)  =  ATN  (  SQR  (X  *  X  -  1>>  ♦  ( 
1)  *  1.5787963 

SGN  (X)  - 

2095 

DEF  FN  R(X)  =  INT  (X  *  1000000  ♦  .5)  /  1000000 

21  00 

DIM  C<  208 ) ,AN< 188)  ,FE( 100) ,  NB  ( 100) ,F( 100; 

(  100  ) 

,DS< 100) , DA 

2105 

DIM  AE< 100) ,CI < 188) ,  PE  < 100) ,QEC 100) ,RE( 100) ,0(2,100) 

21  1  0 

PRINT  "THIS  PROGRAM  FINDS  DELTA  ALPHA  AND 
ILATOR  USING  STABILITY  AXIS  DATA" 

DELTA  STAB 

21  20 

PRINT 

2130 

PRINT  "ENTER  FLIGHT  CONDITION" 

PRINT 

21  40 

PRINT  "1  -  15000  FT,  MACH  .6" 

2150 

PRINT  "2  -  15000  FT,  MACH  .8" 

21  60 

PRINT  "3  -  OTHER" 

2170 

PRINT 

INPUT  "ENTER  CHOICE  ";FC 

21  80 

PRINT 

PRINT  "INSERT  A7'D  DATA  DISK  FOR  FLIGHT  CONDITION  * 

; FC ; ”  IN  DRIVE  2" 

21  90 

PR  I  NT 

PPINT  "PRESS  ANY  KEY  TO  CONTINUE" 

]  ‘17 


2200  GET  C* 


2205 

PRINT  0* 

2210 

PRINT  D$ ; " OPEN  A7-D,L20,D2" 

2220 

FOR  I  =  0  TO  15 

2230 

PRINT  D* ; " READ  A7-D,R"jI 

2240 

INPUT  C<1> 

2250 

NEXT 

2240 

PRINT  D* i “ CLOSE  A7-D" 

2270 

MU  =  <2  *  C<9>  /  C ( 7 >  >  /  ( C ( 2)  « 

C  C  4  )  «  C<  5)  > 

2280 

CW  =  2  *  C ( 9 )  /  (C(2)  *  C(  3)  “  2 

*  C<  4)  > 

2290 

PRINT 

PR  I NT  "ENTER  DESIRED  LOAD  FACTOR 

RANGE  AND  INTERVAL 

2300 

PRINT 

PRINT  " 

STARTING  LOAD  FACTOR**  "j 

2310 

INPUT  N1 

2320 

PRINT  " 

ENDING  LOAD  FACTOR**  "j 

2330 

INPUT  N2 

2340 

PRINT  " 

INtERVAL=  " i 

2350 

INPUT  S 

2340 

I  =  1 

2370 

FOR  X  =  N1 

TO  N2  STEP  S 

2375 

AN< I )  = 

X 

2380 

DS< I )  =  <AN<I>  -  1  >  •  CW  •  (C(18)  ♦  ( ( AN ( I >  ♦ 
<2  »  MU  *  AN  < I > ) )  •  C  C (  1 2  >  *  C  (  1 4  >  -  C(15> 
<10)>>  /  ( C (  13)  *  C<10>  -  C  <  1 2  >  ♦  C  <  1  1  >  > 

2390 

DA  (  I  )  =  <  AN  <  I  >  -  1  )  «  CW  ♦  v  -  C  (  1  1  )  *  <  (.  AN  (  I  / 
)  /  (2  *  MU  *  AN<  I  ) ) >  •  <C(11>  «  C C  1 5 )  -  C< 
*  C  < 1 3  >  >  >  /  <C<13>  *  C(10)  -  C< 1 2)  *  C(ll)> 

2400 

FE<  I  ) 

=  FN  SE ( ANC I ) > 

2410 

GOSUB 

3000 

24  15 

GOSUB 

4000 

20 


1-1*1 


24  30  NEXT 


2440 

R  =  100  1 

2450 

PRINT  DS 

"OPEN  m 7 

2460 

FOR  J  =  1 

TO  <  I  - 

PRINT  DS;"UJRITE  A7-D.R"; 
PRINT  AN(J) 

R  =  R  ♦  1 
NEXT 


2470  FOR  J  =  1  TO  (I  -  I) 

:  PRINT  D*;”UR!T£  A7-D,R"; 

:  PRINT  FE  <  J  > 

:  R  =  R  ♦  1 

:  NEXT 


2480  FOR  J  *  I  TO  (I  -  1) 

:  PRINT  DS;"WR1TE  A7-D.R" j 

!  PRINT  DA<  J ) 

:  R  =  R  ♦  1 

:  NEXT 


2490  FOR  J  =  1  TO  <  I  -  1  > 

:  PRINT  DS  ;  "WR I TE  A7-D,R“; 

:  PRINT  DS <  J ) 

i  R  «  R  ♦  1 

i  NEXT 


2500  FOR  J  =  I  TO  <  I  -  1  ) 

:  PRINT  D* I "WRITE  A7-D.R"; 

:  PRINT  F<J> 

:  R  =  R  *  I 

:  NEXT 


2510  FOR  J  =  1  TO  < I  -  1 ) 

:  PRINT  DS  j "WR I TE  A7-D,R“; 

:  PRINT  NB<  J > 

:  R  =  R  ♦  I 

:  NEXT 


251 1  FOR  J  =  1  TO  <  I  -  1  > 

:  PRINT  DS ; "UR  I TE  A7-D.R-; 

:  PPINT  CI<J) 

:  R  =  P  ♦  1 

:  NEXT 


251 2  FOR  J  =  1  TO  i I  -  1 ) 

PRINT  DS ; "UR  I T  E  A7-D.R”; 
PRINT  PE  <  J ) 

R  =  R  ♦  1 
NEXT 


1 3  FOR  J  -  1  TO  < I  -  l ) 

:  PRINT  DS  j ■ UR  I TE  A7-D.R"; 

:  PRINT  OE  <  J  > 

:  R  =  R  ♦  1 


2514  FOR  J  =  1  TO  <  1  -  1  ' 

:  PRINT  0*;"WRITE  A7-D,R" ;R 

:  PRINT  RE <  J ) 

:  R  =  R  ♦  1 

:  NEXT 


2515  FOR  J  =  1  TO  <  I  -  1  » 

:  PRINT  D*;"WR1TE  A7-D.R" ;R 

:  PRINT  AE<J) 

:  R  =  R  ♦  1 

:  NEXT 


2516  FOR  J  »  I  TO  (I  -  1) 

:  PRINT  D%  ;  ”U1R  1 TE  A7-D,R“sR 

:  PRINT  Q< 1 , J) 

:  R  =  R  +  1 

:  NEXT 


2517  FOR  J  •  1  TO  (I  -  I) 

:  PRINT  D*;'UIRITE  A7-D,R";R 

PRINT  Q<  2 , J> 

:  R  =  R  ♦  1 

:  NEXT 


2518  N3  =  13  «  <<N2  -  N1 )  /  S  ♦  1> 
:  PRINT  D*  j "WRITE  A7-D  , R "  ; 1 0 0 0 
:  PRINT  N3 


2519  PRINT  D«;“URITE  A7-D,R’;998 
:  PRINT  N2 

:  PRINT  D*i'WRITE  A7-D,R";999 
:  PRINT  S 


2520  PRINT  D* ; "CLOSE  A7-D" 


2530  PRINT 


2540  PRINT  "LIOULD  YOU  LIKE  A  PRINT  OUT  <Y/N)^ 
:  INPUT  A* 


2550  IF  A*  =  "N"  THEN  END 


2560  PRINT 

:  PRINT  "SET  PRINTER  PAPER" 


2570  PRINT  D* 


2580  PRINT  D* ; "PRM1 " 


2590  PRINT  CHR*  <15) 


2600  FOR  J  «  I  TO  (I  -  I) 


2610  AN(J>  -  FT'  R<AN<J>> 


2620  NB(  J )  ■=  FN  R(NB<J>> 


2630  DS <  J  )  “  DR  «  C>S<  J) 


2635  DS(J)  =  FN  R(PS<J>> 


150 


2640 

Da ( J  >  =  DR 

*  L»m  <  J  > 

2645 

DA<  J )  =  FN 

R( DA<  J ) ) 

2650 

FE  <  J  >  =  DR 

*  FE(J) 

2655 

FE<  J )  =  FN 

R<  FE ( J  >  ) 

2660 

F  (  J  )  =»  DR 

*  F(J) 

2665 

F  (  J )  =  FN  1 

R<  F(  J>  ) 

2670 

AE  <  J  >  =  OR 

*  AE  <  J  > 

2675 

AE  <  J )  =  FN 

R  <  AE <  J  > ) 

2680 

NEXT 

2690 

PRINT 

PRINT 

PRINT 

PRINT 

2700 

POKE  36,23 

:  PRINT  -FLIGHT  CONDITION:  “;FC 
:  PRINT 
i  PRINT 


2710  POKE  36,69 

:  PRINT  -STABILITY  AXIS’; 
:  POKE  36,105 
:  PRINT  -BODY  AXIS- 


2720  POKE  36,23 

:  PRINT  “DELTA  ALPHA"; 

!  POKE  36, <13 

:  PRINT  “DELTA  STABI LATOR" ; 
:  POKE  36,63 
:  PRINT  “LOAD  FACTOR"; 

:  POKE  36,80 
:  PRINT  -BANK  ANGLE" ; 

:  POKE  36,95 
;  PRINT  "LOAD  FACTOP" ; 

:  POKE  36,112 
:  PRINT  "BANK  ANGLE* 


27)0  POKE  36,26 

:  PRINT  *  < DEG) "  ; 
:  POKE  36, <19 
•.  PRINT  -(DEG)'; 
:  POKE  36,67 
!  PRINT  " <  G )  "  ; 

:  POKE  36,82 
:  PRINT  -(DEG)'; 
:  POKE  36,99 
:  PRINT  - (G) " ; 

:  POKE  3a, M  4 
:  PRINT  - ■  DC  0  > " 

:  PRINT 


1  ')  1 


f 


2740 

FOR  J  =  1  TO  < I  -  1 > 

!i 

:# 

2750 

POKE  36,24 

PRINT  DAC  J) ; 

POKE  36,46 

PRINT  DSC J) ; 

POKE  36,67 

PRINT  ANC  J)  ; 

POKE  36,81 

PRINT  EEC J) j 

POKE  36,99 

PRINT  N8<  J > ; 

POKE  36,113 

PRINT  FCJ) 

2760 

NEXT 

2770 

PRINT  CHR*  < 18) 

w 

2780 

PRINT  D* 

PRINT  D*;"PRM0" 

PRINT  D*;“IN#0" 

h 

2790 

END 

|c  r>  * 

3000 

REM  SUBROUTINE  TO  CALCULATE  BODY  AXIS  BANK  AND  LOAD 
FACTOR 

30  10 

DEE  FN  ASNCX)  =  ATN  (X  /  SOR  (  -  X  *  X  ♦  1)) 

p" 

L 

3020 

PRINT  D* ; *  OPEN  A7-D,L20,D2" 

r 

r 

3030 

PRINT  D*;"READ  A7-D,R";16 

[• 

3040 

INPUT  AO 

h 

k 

3050 

PRINT  D*; 'CLOSE  A7-D" 

k 

►- 

3060 

AEC I )  =  AO  ♦  DAC I ) 

3065 

AE  =  AEC I ) 

30  70 

AA  =  COS  CAE) 

i. 

30  80 

88  =  AA  ~  2 

i 

3090 

CC  =  <  SIN  CAE>  ’  '  2 

k. 

3100 

[>D  =  TAN  (FECI)) 

• 

k 

31  10 

TH  =  ATN  <  -  BB  »  DO  /  AA ) 

k 

% 

3120 

MG  =  SQR  C  88  ♦  C  -  DD  •  BB )  '  2) 

f 

t 

k 

.  • 

31  30 

F  C  I  >  “  FN  ASNCDD  •  CC  /  MG)  -  TH 

31  40 

NBC  I  )  *  AA  *  (BB  »  (  1  -  COS  CF(I»>)  ♦  COS  <  F  (  1  )  >  «  ' 

Cl  *  BB  •  C  COS  CFC I ) )  -  1 ) ) 

■ 

k 

V,2 

i  50  RETURN 


4000 

REM  SUBROUTINE 

TO  CALCULATE 

P,Q,«<  R  EQU 

LIBRIUM 

40  ]  0 

Cl  C  I  ) 

= 

<  C( 7)  * 

COS 

(  AE  (  I  >  ) 

*  SIN  ( F ( i  )  ) 

/  (  C  (  3  ) 

(  COS 

<  F(  I  )  ) 

*  < 

COS  ( AE ( I ) ) )  '  2  ♦  ( 

SIN  ( AE  < I 

)  ) 

2)  ) 

4020 

PE  (  I  ) 

= 

-  Cl (  I  ) 

#  SIN  ( AE <  I >  > 

40  30 

Q£<  I  > 

= 

Cl <  I  )  » 

SIN 

(  F  (  I  >  >  * 

COS  ( AE ( I ) > 

4040 

RE<  I  ) 

= 

Cl ( I  )  * 

COS 

(  F<  I )  )  * 

COS  ( AE ( I ) > 

4050 

Q< 1  , 1  ) 

3= 

SIN  (AEC  I  >  > 

»  Cl  (  I  ) 

*  C ( 6 )  /  (2 

«  C<  3) ) 

4060 

0(2,1) 

r= 

-  COS 

(  F( I  ) )  *  COS 

( AE ( I  > )  *  Cl  (  I  )  *  C  (  6 ) 

(2 

* 

C(  3)  ) 

0  70  RETURN 


Augmented  AM AT  and  BMAT/Ver  2 

This  program  calculates  tlie  individual  elements  of  the  A  and  B 
matrices.  To  accomplish  this,  several  intermediate  steps  are  performed. 
First,  tire  desired  load  factor  is  entered  into  the  program,  and  the 
equilibrium  values  for  body  axes  bank  angle  4> e#  roll  rate  pQ,  pitch  rate 
q  ,  yaw  rate  r  ,  and  angle  of  attack  aQ  are  loaded  from  the  data  disk. 

By  answering  questions  as  to  the  location  of  various  sets  of  stability 
derivatives  on  tire  data  disk,  which  is  determined  from  Table  Dl,  the 
stability  axes  non-dimensional  derivatives  and  moments  of  inertia  are 
converted  to  body  axes.  These  stability  derivatives  are  dimensional i zed 
and  the  X  and  Z  body  axes  derivatives  are  calculated  and  stored  to  the 
data  disk.  Curing  this  process  tire  equilibrium  sideslip  Be,  rudder  6r, 
and  aileron  6a  were  also  calculated  and  stored  to  the  disk.  With  all 
the  equilibrium  conditions  calculated  and  all  the  stability  derivatives 
converted  to  body  axes,  the  A  and  B  nntrices  are  computed  by  evaluating 
the  individual  elements.  These  matrices  are  stored  to  disk  for  later- 
use.  Up  until  this  point  the  program  is  very  general,  and  given  tlie 
stability  derivatives  and  flight  condition  the  A  and  B  matrices  are 
calculated  by  evaluating  tlie  linearized  equations  of  motion  for  a  steady 
level  turn  or  straight  and  level  flight  defending  on  the  injxit  load 
factor . 

The  next  option  asks  if  you  want  to  calculate  an  augmented  set  of  A 
and  B  matrices.  This  option  sfiecif ically  contains  tlie  A-7D  mechanical 
and  augmented  control  paths  resulting  in  a  17  x  17  A  matrix  and  a  17  x  3 
B  matrix.  Various  levels  of  augmentation  can  bo  selected 

1  -  C'ont  ml  Ainpiiontat  inn  with  lateral  accelerat  ion  feedback 

2  -  Control  Aufjmnntat  >■  >n  witlmut  lateral  acceleration  feedlvick 


3/4 
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r<  *> 


3  -  Yaw  Stabilization  with  lateral  acceleration  feedback 

4  -  Yaw  Stabil  ization  without  lateral  acceleration  feedback 

5  -  Mechanical  Path  Only 

Control  system  limiters  in  the  augmented  control  path  have  not  been 
modeled.  Also  the  dual  gradient  feel  spring  in  the  mechanical  pitch 
axis  is  only  modeled  for  pitch  inputs  up  to  and  including  8  lbs.  These 
limitations  result  in  the  A  and  B  matrices  only  being  valid  for  small 
inputs . 

To  run  the  next  two  programs  for  large  order  A  matrices  (greater 
than  10  x  10)  it  is  necessary  to  run  a  machine  language  conmereially 
obtained  program  "Diversi-DOS  Mover"  which  relocates  the  disk  operating 
system  (DOS)  in  the  language  card. 


4 


i 


i 


i 


4 


I 


I 


159 


AUGMENTED  AMAT  BMAT.-VER  2 


10 

REM 

S 

CONCERTS  LATERAL  DERIVATIVES  FROM  STABILITY  AX  I 
TO  BODY  AXIS 

20 

REM 

30 

REM 

BY  JEFFREY  R.  RIEMER 

40 

REM 

20  APRIL  1983 

50 

D*  = 
:  REM 

CHR*  <4> 

CTRL-D 

<50 

DIM 

3 

C< 1 10) .CB<28> ,M  I <51  ,DB(20>  , 
,2) , CFT (3,3)  ,PP(3, 1 > ,Q<  2, 1 > 
20  >  ,  B<  20  , 3) 

DL  <  20  >  ,X<6> , ZD( 6) ,PR( 
,Z(3,3>  ,ZEC  3, 1 ) ,  A(  20 

70 

DIM 

AE  <20> ,PE<20>  ,  QE ( 20 )  , RE  <  20  > 

, AN( 20 ) , F( 20 ) 

80 

DIM 

KU00)  ,  AZ  <  28  ) 

90  TEXT 
:  HOME 

:  PRINT  CHR*  <  1 2) 
:  PRINT 


100 

DEF  FN  R<  X  > 

*  INT  (X  »  1000000  ♦  . 5>  /  1000000 

1  i  e 

INPUT  ■ 

LOAD  FACTOR=  " ; AN 

1  20 

GOSUB  1940 

1  30 

GOSUB  2500 

1  40 

AE  =  AE(B) 

150 

PE  =  PE<  B ) 

1  <50 

0 E  -  QE  <  B ) 

1  70 

RE  =  RE ( B ) 

1  80 

F  =  FC.B) 

1  90 

PRINT  "ENTER 
AT  IVES" 

:  PRINT 

RECORD  NUMBERS  FOR  LATERAL 

200 

INPUT  "  STARTING  RECORD  CYB  ";R 

210 

INPUT  " 

ENOING  RECORD  CNR  ";E 

220 

PRINT 

PRINT  D* 

:  PRINT  D*;"OPEN  A7-D.L20.O2" 


230 


FOR  I 


•4  TO  15 


51  0 


520 

PRINT  C>*j  "WRITE  A7-D,R";N 

530 

PRINT  CB< I ) 

540 

N  - 

:  NEXT 

N  ♦  1 

550 

PRINT 

D*  ;  “ CLOSE  A7-D" 

560 

GOSUB 

2100 

570 

GOSUB 

1  150 

580 

GOSUB 

1  440 

590 

PRINT 
:  INPUT 

"CALCULATE  INERTIAS  <Y/N>P 

600 

IF  A* 

=  "Y"  THEN  650 

61  0 

PRINT 
;  PRINT 

D* 

D*  j “ OPEN  A7-D.L20.D2" 

620  P  =  59 

:  FOR  1  =  1  TO  4 
!  PRINT  D* ; " READ  A7-D,R";R 

:  INPUT  MI ( I ) 

:  R  =  R  ♦  1 

:  NEXT 


630 

PRINT 

O*  ;  "CLOSE  A7-D" 

640 

GOTO  . 

660 

650 

GOSUB 

1010 

660 

GOSUB 

1  770 

670 

GOSUB 

2610 

680 

PRINT 

:  INPUT 

% 

■CALCULATE  AUGMENTED  A  t,  B  MATRICES  (Y/N 

690 

I  F  A* 

=  "Y"  THEN  GOSUB  4370 

700 

PRINT 

:  INPUT 

"ANOTNER  EQUILIBRIUM  ( Y/N ) ?  "  ;A* 

710 

IF  A* 

=  "Y*  THEN  GOTO  110 

720 

PRINT 

730 

PRINT 

"WOULD  YOU  LIKE  A  PRINT  OUT  ( Y/N  >  P  " 

INPUT 

A* 

740 

I  F  A* 

=  "N"  THEN  END 

2 


print  ce*2> 


860  POKE  36,30 

:  PRINT  *  CYDA "  ; 

:  POKE  36,43 
:  PRINT  C<  S  ♦  2) ; 
:  POKE  36,62 
:  PRINT  CB<3> 


890  POKE  36,30 

:  PRINT  “ CL8 ' ; 

:  POKE  36,43 
:  PRINT  C<S  ♦  5)  ; 
:  POKE  36,62 
:  PRINT  C8C6) 


900  POKE  36,30 

:  PRINT  "CLP" ; 

:  POKE  36,43 
:  PRINT  C<  S  ♦  8)  ; 
:  POKE  36,62 
:  PRINT  CB<  7 ) 


910  POKE  36,30 

:  PRINT  ’ CLR “  ; 

:  POKE  36,43 
:  PRINT  C(S  ♦  9> ; 
:  POKE  36,62 
:  PRINT  CB<  8) 


920  POKE  36,30 

:  PRINT  -CLDR-; 

:  POKE  36,43 
:  PRINT  C<  S  ♦  6)  ; 
:  POKE  36,62 
:  PRINT  CB ( 9 ) 


930  POKE  36,30 

:  PRINT  ■CLDA'i 
:  POKE  36,43 
i  PRINT  CCS  ♦  7 > ; 
:  POKE  36,62 
:  PRINT  C8< 1 0 ) 


940  POKE  36,30 

:  PRINT  ■ CN  B "  ; 

:  POKE  36,43 
:  PRINT  CCS  ♦  10'; 

:  POKE  3c- ,  62 
I  PRINT  CB C  1  I  ) 


950  POKE  36,30 

:  PRINT  -CNP* ; 

:  POKE  36,43 
:  PRINT  CCS  ♦  13); 

:  POKE  36,62 
:  PRINT  CB C  I  2) 


960  POKE  36,30 

:  PRINT  TNP"; 


16-1 


« 


< 


P  0  HE  <o.f4 3 


PRINT 

C<,  S  ♦  I  4  >  ; 

POKE 

36,62 

PRINT 

ce< i3> 

970 

POKE 

36,30 

PRINT 

■CNDP- ; 

POKE 

36,43 

PRINT 

CCS  ♦  11); 

POKE 

36 , 62 

PRINT 

C8C 14) 

980 

POKE 

36 , 30 

PRINT 

"CNDA" ; 

POKE 

36,43 

PRINT 

CCS  ♦  12); 

POKE 

36 , 62 

PRINT 

CB< 15) 

990 

PRINT 

CHR*  < 1 8 ) 

1000 

PRINT 

D* 

PRINT 

D* ; " PRM0 " 

PRINT 

D* ; ■ IN#0“ 

END 

1010 

REM 

CONVERTS  STABILITY 

10  20 

TEXT 

HOME 

PRINT 

PRINT 

CHR*  < 1 2 ) 

10  30 

PRINT 

D*; ‘OPEN  A7-D.L20 

1040 

R  =  1 

1050 

FOR  I 

=  42  TO  45 

PRINT  D* { *  READ 
INPUT  MI <R> 

A7-D.R 

R  - 

R  ♦  1 

NEXT 

1060 

MI  <  1  ) 

-  MI C 1 )  » 

CS  ♦  2 

S 

1  0  70 

M I  <  3  > 

=  M  I  <  3  )  ♦ 

CS  -  2 

s 

1080 

MI  <  4) 

) 

=  CMI <  3)  - 

Mill)) 

1090 

R  =  1 

1  1  00 

FOR  I 

=  59  TO  62 

PRINT  O'*  ;  "UR  I  T  E  A7-D,R*;I 
PRINT  MI<R) 

R  =  P  ♦  1 

NEXT 


I  1  !  l<  PRINT  0*  :  "CLOSE  A7-0 


1  1  PRINT  MI  C  I  )  ,HI  <2> 


1130  PRINT  MI(3),MI<4) 


1140  RETURN 


1150  REM  DIMENSI0NAL1ZES  LATERAL  DERI  VAT  I <JE  S 


1160  PRINT  D* 

:  PRINT  D*;"OPEN  A7-D,L20,D2" 


1  1 70  FOR  I  =  2  TO  9 

:  PRINT  D*;  "READ  A7-D.R"  •,  I 

:  INPUT  C<I) 

:  NEXT 


1180  PRINT  D* ; "CLOSE  A7-D‘ 


1190  Ql  =  .5  «  C  <  2 )  »  <  C ( 3 )  *  2)  *  C(4) 


1200  02  =  Ql  *  C <  6 ) 


1210  Q3  =  02  /  C 2  #  C< 3) ) 


1220  04  =  Q3  *  C  <  6 ) 


1 230  DB< 1 )  =  Q1  «  CB< 1 > 


1240  DB( 2 )  =  Ql  *  CB<2> 


1250  DB<  3 )  =  Q1  *  CB<3> 


1260  DB<4)  =  03  «  CB<4> 


1270  DB<  5 )  =  03  *  CB<5> 


1280  DB <  6 )  =  02  *  CB<6> 


1290  DB<7>  =  04  *  CB<7> 


1300  DB<  8 )  =  Q4  ♦  C8<8> 


1310  DB<  9  >  =  02  »  CB<9> 


1  320 

DB< 1 0 ) 

= 

02 

# 

CB< 1 0 ) 

1  3  30 

DB  (  1  1  ) 

= 

02 

* 

CB  < 1  1  > 

1  340 

DB( 1 2) 

= 

Q4 

* 

CB< 1 2) 

1  350 

D8< 13) 

Q4 

« 

CB ( 1 3  > 

1  360 

DB ( 1 4  ) 

= 

02 

# 

CB( 1 4) 

1  3  70 

DB  <  1 5) 

= 

02 

• 

CB< 15) 

100 


1380  PRINT 


1  3  vO 

INPUT  "V-ThR'I  INl<  M'.'O PP  L  ININ:  I  uNm 

”  ;N 

1  400 

PRINT  DI¬ 
PRINT  D*;MOPEN  A7-D.L20.D2- 

1410 

l 

FOR  I  =  l  TO  15 

PRINT  D*j-WRITE  A7-D,R";N 

PRINT  OB (I > 

N  =  N  ♦  1 

NEXT 

1  420 

PRINT  D*; "CLOSE  A7-D" 

1  430 

RETURN 

1  440 

REM  D  I  MENS  I  ONAL  I  2 ES  LONG I  TUD  I  NAL 

DERIVATIVES 

1  450 

INPUT  "ENTER  RECORD  NUMBER  FOR  CM 

ALPHA  - ;N 

1  460 

PRINT  D* 

PRINT  D* ; -  OPEN  A7-D,L20,D2* 

1470  FOR  I  ”  1  TO  6 
:  PRINT  D* 

:  PRINT  D* ; " READ  A7-D,R*;N 

:  INPUT  K( I > 

:  N  =  N  ♦  I 


NEXT 

1  480 

N  =»  N 

♦ 

1  6 

1  490 

FOR  I  = 
PRINT 
INPUT 
N  =  N 
NEXT 

7  TO  1  6 

D* ; "READ  A7-D , R" ;N 

K  C  I  ) 

♦  1 

1  500 

PRINT 

D*;“CLOSE  A7-D" 

1510 

05  =• 

01 

*  C(  5) 

1  528 

06  = 

05 

•  C<  5)  /  (2  *  C<  3) > 

1  530 

07  = 

06 

/  C<5> 

154  0 

08  = 

01 

'  C  <  3  > 

1  550 

DL  <  1  * 

= 

05  *  nil' 

1  560 

DL<  2) 

= 

05  *  b i  2  > 

1  570 

DL  <  3 ) 

= 

01  •  K  (  3  > 

1  580 

DL<  4) 

= 

01  •  K ( 4  > 

1  590 

DL  <  5 ) 

= 

06  •  K <  5 ) 

1  600 

C'L  <6) 

= 

0  7  *  K  <  • 

1  A  1  0 

(.4  *  ■ 

a 

01  *  *  •  » 

1  620 

DL. «  H  >  =  OH  *  2  *  K  \  ? 

♦  K  ■  H  )  i 

1  630 

DL  <  9  t  =  Q?  * 

!  6*10 

D L  (  10)  =  0 1  »  KU0) 

1  650 

DL (  1  1 )  =  Q8  •  < .2  «  K<  1 0 

>  ♦  k( 1  1  )  ) 

1  660 

DL (12)  =  Q 1  •  K  <  1  2  ) 

1  670 

DL  < 13>  =  01  »  K(  1  3) 

1  680 

DL <  14)  =  ( Q5  /  C<  3)  )  ♦ 

K<  M  ) 

1  690 

DLC  1  5)  =  05  »  K( 13) 

1  700 

DLC 16)  =  06  «  K< 1 6) 

1710 

PRINT 

1  720 

INPUT  “STARTING  RECORD 

LONG  DIMENSIONAL 

I  730 

PRINT  D* 

PRINT  D* ; “ OPEN  A7-D.L20 

,02“ 

1  740 

FOR  I  =  1  TO  16 

PRINT  04 

PR IN”  D* ; "WRITE  A7-D , 
PRINT  DLC I ) 

N  =  N  ♦  1 

NEXT 

R  “  ;  N 

1  750 

PRINT  D4  j " CLOSE  A7-D" 

1  760 

RETURN 

1  770  RL/-1  SUBROUTINE  TO  CALCULATE  X  &  2  DERIVATIVES 

♦  C'L  <  8 )  •  SA 

DL  <  1  ?  )  »  CA  +  DU?)  *  CA  ‘  C'L C  3 


1  730 

X<  1  >  = 

-  DLC  1  1  ) 

*  CA 

1  790 

X<  2)  = 

)  * 

DLC  10)  * 
SA 

SA  - 

1  300 

X  (  3  >  = 

-  Dl  <  9  >  . 

SA 

l  hi  0 

■  '  4  ■ 

DL  •  i  >  * 

■A 

l  >}  ^  0 

..  L 

1.  1  ■  M  '  * 

A  ^ 

13  30 

2  DC  1  )  = 

-  DL  c  1  1  > 

•  Si 

1  840 

ZD( 2)  = 
(12) 

-  D  L  <  10) 
*  SA 

*  o 

1  050 

2  D  <  3  >  = 

DL  CA  • 

Cm 

1  360 

7D<4,  = 

-  Dl. «  6  > 

*  Cm 

1  fi  ?  0 

2  r*  -  ,  •  - 

-  C-L  '  4  • 

*  Cm 

CA 

SA 


DL  (  3 )  »  CA  -  DL 


lOK 


t'L  <  1  3 


1  880 

PRINT 

INPUT 

•RECORD  NUMBER  FOR  >  L  2  DERIVATIVES 

"  ;N 

1  890 

print 

D* 

PRINT 

D* ; “ OPEN  A7-D,L20,D2“ 

1  900 

FOR  I 

=  1  TO  5 

PRINT  D* 

PRINT  D*;“WR!TE  A7-D,R‘;N 
PRINT  X< I > 

N  -  N  ♦  1 

NEXT 


1910  EOR  I  =  1  TO  5 

PRINT  D*;"WR1TE  A7-D,R“;N 
:  PRINT  ZD< I ) 

:  N  =  N  ♦  1 

:  NEXT 


1920  PRINT  D* ; ’ CLOSE  A7-D" 


1930  RETURN 


1900  REM  SOLVES  FOR  BETA, DELTA  RUDDER,  «<  DELTA  AILERON 


1950  PRINT  D*i ’OPEN  A7-D.L20 ,D2" 


I960  PRINT  D* i *  READ  A7-D,R*;998 
;  INPUT  N2 


1970  PRINT  D*j"READ  A7-D,R";999 
:  INPUT  S 


1980  PRINT  D*  ;  '  READ  A7-D  ,  R'  •,  I  0 00 
:  INPUT  N3 


1 990  R  -  0 

:  FOR  I  =  1  TO  N2  STEP  S 
R  =  R  ♦  1 


2000 

I  F 

AN  =  I  THEN  B  =  R 

20  10 

NEXT 

2020 

N0  = 

N3  /  1  3 

20  30 

NS  = 

1000  ♦  N3  -  N0  *  2 

2008 

N6  = 

N5  ♦  B 

2050 

N7  = 

N6  ♦  N4 

2060 

PRINT 

INPUT 

D* ; " READ  A7-D.R" jN6 
Q< 1  , 1  ) 

20  70 

PRINT 

INPUT 

D* i " READ  A7-B , R" ;N7 
0(2,1) 

2000 

PRINT 

0%  "CLOSE  A7-0- 

If/) 


.0  90  RFTUPN 


2100 

PCM 

2110 

PR<  1,1) 

= 

CB<  4) 

21  28 

PR( 1 ,2) 

CB<  5) 

2130 

PR  <  2 , 1  > 

= 

CSC  7) 

21  40 

PR  <2,2) 

= 

CBC  8) 

2150 

PRC 3,1) 

ce< 12) 

2160 

PRC  3,2) 

= 

CB< 1 3) 

2170 

CFT  < 1,1) 

* 

C8C9)  » 

CBC 1 5)  - 

CBC 14)  »  CBC  10) 

2180 

CFTC 1 ,2) 

= 

-  C  CBC  2) 

*  CBC 15) 

-  CBC 14)  *  CBC  3) > 

2190 

CFT  < 1  ,3) 

= 

CBC2)  * 

CBC 10)  - 

CBC  9)  *  CBC  3) 

2200 

CFT (2,1 ) 

= 

-  CC8C6) 

*  CBC 15) 

-  CBC 11)  *  CBC 10)) 

2210 

CFT (2,2) 

= 

CBC 1  )  « 

CBC  15)  - 

CBC 1 1 )  *  CBC  3  > 

2220 

CFT (2,3) 

= 

-  ( CBC 1 ) 

»  CBC 1 0) 

-  CBC  6>  *  CBC  3) > 

2230 

CFTC 3, 1  ) 

= 

CBC  6 )  « 

CBC 1 4)  - 

CBC 1 1 )  *  CBC  9) 

2240 

CFT (3,2) 

= 

-  C  CBC 1 > 

*  CB (14) 

-  CBC 1 1 )  *  CBC  2) > 

2250 

CFT (3,3) 

= 

CBC 1  )  » 

CB ( 9 )  -  CBC  6)  *  CB ( 2 ) 

2260 

DET  =  CBC 1  ) 
CFT ( 3 , 1 ) 

*  CFTC 1 

, 1 )  -  CBC  2)  »  CFTC  2, 1 )  +  CBC  3) 

2270 

FOR  I  = 

1  TO  3 

2280 

FOR  J 

=  1 

TO  3 

2290 

zc  I  , 

J) 

=  CFTC  1  , 

J)  /  DET 

2300 

NEXT 

NEXT 

2310 

FOR  I  = 

1  TO  3 

2320 

PPC  I  ,  1 

>  ~ 

0 

2330 

FOR  L 

■=  1 

TO  2 

2340 

PPC  I 

,1  > 

*  PPC  I  , 

1  )  ♦  PRC  I 

, L )  •  QCL, 1 ) 

2350 

NEXT 

NEXT 

« 


« 


FOP  1 


1  TO  3 


33  ?0 

’  E  >  I  ,  1  •  = 

0 

233d 

FOR  L  =  1 

TO  3 

2390 

ZE<  I  ,  1  > 

=  Z  E  <  I  ,  1 

1  >  ♦  Z<  I  ,L>  »  PP(L 

2400 

NEXT 

:  NEXT 


2410  PRINT 

•  INPUT  'ENTER  DESIRED  STORAGE  RECORD  900 — >  " ; R 


2420 

PRINT  D* 
PRINT  D* 

; " OPEN  A7-D.L20 ,02" 

2430 

J  =  1 

2440 

FOR  I  = 

R  TO  R  ♦  2 

2450 

PRINT 

D*; "WRITE  A7-D,R" ; I 

2460 

PRINT 

ZE( J,  1  ) 

2470 

J  =  J 
NEXT 

♦  1 

2480 

PRINT  D* 

1  "CLOSE  A7-D" 

2490 

RETURN 

2500 

REM 

2510 

PRINT  D* 

; " OPEN  A7-D.L20 ,D2" 

2520 

R  =  1001 

FOR  J  = 

1  TO  N4 

PRINT 

D*i "READ  A7-D.R" ;R 

INPUT 

AN<  J) 

R  =  R 
NEXT 

♦  1 

2530 

R  -  R  ♦ 

3  *  N4 

2540 

FOR  J  = 

1  TO  N4 

PRINT 

D* ; "READ  A7-D.R" ;R 

INPUT 

F  <  J  > 

P  =  R 

NEXT 

♦  1 

2550  R  =  R  ♦  2  *  N4 
:  FOR  J  =  1  TO  N4 
:  PRINT  D* ; ' READ  A7-D,R"sR 

:  INPUT  PE ( J ) 

:  R  *=  R  *  1 

:  NEXT 


25<40  FOR  T  =  1  TO  N4 

:  PRINT  D* J "READ  A7-D.R* ; R 

i  1 NPUT  OE  < J ) 

:  R  =  R  ♦  1 


2B2U 

8 . 

= 

M  *  L  B  *  <  PL  *  SA  - 

PE 

*  CA  > 

2830 

E  3 

= 

M  •  VE  »  C6  »  (RE  • 

SA 

i  ♦  PE  »  CA; 

2840 

GY 

-  C  ( 9 )  *  SF  •  SA 

2850 

HY 

= 

DB( 1 )  ♦  M  *  VE  * 

SB 

• 

(RE  *  CA  -  PE 

2860 

JY 

- 

DB<  4 )  ♦  M  *  <JE  * 

SA 

* 

CB 

2870 

KY 

= 

DB<5)  -  M  •  VE  « 

CA 

* 

CB 

2880 

OY 

C<9>  «  CF  »  CA 

2890 

RY 

= 

D8<  2) 

2900 

SY 

= 

OP  (  3 ) 

2910 

AZ 

= 

M  »  SA  »  CB 

2920 

67 

= 

ZOO)  ♦  M  •  VE  * 

CA 

* 

CB 

2930 

CZ 

= 

-  M  *  VE  •  SA  » 

SB 

2940 

DZ 

= 

ZD< 1 )  -  M  •  PE  • 

SB 

♦ 

M  •  OE  •  CA  » 

2930 

EZ 

= 

ZD( 2  >  -  M  *  OE  * 

VE 

• 

SA  •  CB 

2960 

FZ 

at 

Z  0  <  4 )  ♦  M  ♦  VE  • 

CA 

• 

CB 

2970 

GZ 

* 

-  C  <  9 )  »  CF  •  SA 

2980 

HZ 

-  M  *  VE  *  <  PE  * 

CB 

♦ 

OE  •  CA  ♦  SB) 

2990 

JZ 

= 

-  M  •  VE  •  SB 

3000 

oz 

-  C ( 9 )  «  SF  «  CA 

30  10 

uz 

- 

ZD<5> 

3020 

c  t 

« 

CX  /  CY 

30  30 

A1 

= 

AY  -  Cl  *  AY 

3040 

01 

= 

0*  -Cl  *  DY 

30  50 

fc  1 

- 

f  i  -  r  1  •  EY 

3tf  *i  0 

('  1 

= 

i  1  *  Gt 

3070 

HI 

- 

HX  -  Cl  *  Hr 

3080 

J1 

e 

-Cl  •  JY 

30  90 

K  1 

= 

KX  -  C 1  *  KY 

3100 

01 

-Cl  •  OY 

SA) 


1 0  R 


Cl  •  Pi 


Jl  20 

=.  1 

-  - 

Cl  * 

31  30 

C  2 

=  C  7 

'  C  Y 

31  -10 

A2 

=  M  Z 

-  C2  * 

31  50 

D2 

=  D2 

-  C2  • 

DY 

31  60 

E2 

=  EZ 

-  C2  » 

EY 

31  70 

G2 

■=  GZ 

-  C2  « 

GY 

31  80 

H2 

=  HZ 

-  C2  » 

HY 

31  90 

J2 

=  JZ 

-  C2  • 

JY 

3200 

K  2 

=  - 

C2  *  KY 

3210 

Q2 

=  QZ 

-  C2  « 

QY 

3220 

R2 

=  - 

C2  »  RY 

3230 

S2 

=  - 

C2  »  SY 

3240 

C3 

=  BZ 

/  C  A  l 

«  BZ 

-  A2 

»  BX  > 

3250 

81 

=  BX 

/  BZ 

3260 

A  <  1 

,  1  > 

=  C3  * 

CD!  - 

B 1 

* 

D2> 

3270 

A  <  1 

.2) 

=  C3  « 

CE1  - 

B1 

* 

E  2 ) 

3280 

A  <  1 

,3) 

=  C3  * 

CFX  - 

B  1 

« 

FZ) 

3290 

A  (  1 

,  4  > 

=  C3  • 

CGI  - 

81 

* 

G2) 

3300 

A  <  1 

,5) 

=  C3  ♦ 

(HI  - 

B 1 

* 

H2 ) 

3310 

A  <  1 

, 6 ) 

=  C3  • 

C  J1  - 

B 1 

# 

J2> 

3320 

AC  1 

.7) 

=  C3  * 

C  K  1  - 

B  I 

# 

K2 ) 

3330 

A  (  1 

,8) 

=  C3  • 

coi  - 

B 1 

* 

02) 

3340 

BC  1 

,  1  > 

=  C3  * 

OJX  - 

B  1 

U  2  ) 

3350 

B  <  1 

,2) 

=  C3  * 

CR1  - 

ei 

• 

R2) 

33-60 

8  ‘  1 

,  3  } 

=  C3  * 

(SI  - 

B  1 

• 

S2) 

3370 

A3 

=  A2 

/  A  1 

3380 

C4 

=  A 1 

/  C  BZ 

#  A 1 

-  BX 

•  A2 ) 

3390 

AC  2 

.  1  > 

=  C4  • 

CD2  - 

A3 

• 

D 1  ) 

3400 

AC  2 

,2) 

• 

U 

II 

C  E  2  - 

A3 

• 

E  1  > 

34  1  0 

A  <  2 

.  3 ) 

=  C4  • 

<FZ  - 

A3 

• 

FX  ) 

34  20 

►  2 , 4  > 

= 

C  4 

* 

(  G2  - 

A3 

• 

01  - 

34  jti 

A* 2,5) 

= 

C4 

* 

».  H2  - 

A3 

• 

HI  > 

3440 

A( 2 , 6) 

= 

C4 

# 

CJ2  - 

A3 

• 

ji  > 

34  50 

AC  2 ,7) 

= 

C4 

* 

(K2  - 

A3 

* 

K  1  ) 

3460 

AC  2 , B) 

= 

C4 

• 

(Q2  - 

A3 

• 

01  > 

3470 

8(2,1) 

= 

C4 

• 

CU2  - 

A3 

« 

UJX) 

3480 

8(2,2) 

= 

C4 

• 

(  R2  - 

A3 

• 

R 1  ) 

3490 

B  (  2 , 3 ) 

= 

C  4 

• 

CS2  - 

A3 

* 

SI  ) 

358  0 

C5  =  1 

/ 

MI  ( 

2) 

3510 

AC  3, 1  ) 

= 

C5 

• 

(  DL  (  1  4  >  < 

► 

DLC  16)  •  AC  2 , 1  ) 

3520 

A<  3 , 2  > 

= 

C5 

• 

( DL ( 1 ) 

♦ 

DLC 16)  «  AC  2 ,2) ) 

3530 

AC  3 , 3) 

= 

C5 

* 

( DL ( 5 ) 

♦ 

DL(  1  6)  «  A(  2 , 3)  > 

3540 

AC  3,4) 

= 

C5 

* 

DL( 1 6) 

♦ 

A( 2 , 4  > 

3550 

AC  3,5) 

= 

C5 

# 

DL( 16) 

* 

AC  2 , 5) 

3560  A(3,6)  =  C5  «  <  RE  *  (MI(3>  -  M I < 1 ) )  -  2  •  PE  *  MIC4) 

♦  DL< 1 6)  «  A( 2,6) > 


3570  A(3,7>  =  C5  »  (PE  »  (MI(3>  -  MI ( 1 > >  ♦  2  *  RE  *  Ml<4> 

*  DL ( 16)  *  A<  2 , 7) ) 


3580  AC  3,8)  =  C5  «  DL (  1 6 >  *  A<2,8> 


3590  6(3,1)  =  C5  «  ( DL ( 2 )  ♦  DL(16>  •  B(2,I>> 


3600  6(3,2)  =  C5  *  DL (16)  »  BC2.2) 


3610  B<3,3>  =  C5  *  DL (16)  •  B(2,3> 


3620  AC  4 , 1  )  =  0 


3630  A<4,2>  =  0 


3f.40  A  (  4 , 3  ;  =  CF 


3*50  A  C  4 , 4  >  =  0 


3660  A ( 4 , 5 )  =  0 


3670  A ( 4 , 6 )  =  0 


3680  A ( 4 , 7 )  =  -  SF 


3690  A(4,8>  =  -  (OE  «  SF  ♦  RE  *  CF ) 


3700  B (  4  ,  1  )  =  0 
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h(5,I  ) 

- 

C  6 

• 

(Di  - 

M  I 

*  1  ,1  >  ) 

3750 

A<5,2) 

= 

C  6 

• 

<Ei  - 

AY 

»  AC  1,2)) 

3760 

A( 5 , 3) 

-  C6 

*  hY  < 

*  A< 1 , 3) 

3770 

A  <  5 , 4  ) 

= 

C6 

* 

(GY  - 

AY 

♦  AC  1  ,4) ) 

3780 

A<  5 , 5) 

= 

C6 

* 

<  HY  - 

AY 

«  AC  I  , 5)  ) 

3790 

A<  5 , 6 ) 

= 

C6 

* 

<JY  - 

AY 

*  AC  1  ,6)  > 

3800 

A (  5 , 7) 

= 

C6 

* 

<  KY  - 

AY 

*  AC  1  ,  7)  ) 

3810 

AC  5,8) 

= 

C6 

* 

<  QY  - 

AY 

CO 

5 

♦ 

3820 

B  <  5 , 1  ) 

= 

-  1 

C6 

»  B<  1 

.  I  > 

3830 

B<  5 , 2) 

3 

C6 

• 

CRY  - 

B<  1 

>  2  >  > 

3840 

B  <  5 , 3 ) 

3 

C6 

* 

<SY  - 

e<  1 

,  3)  ) 

3850  IX  =  MI < I ) 

3860  IY  =  MI (2) 

3870  12  =  MI <  3) 

3880  2X  =  MI ( 4 ) 

3890  I  1  =  IX  *  I Z  -  ZX  A  2 

3900  12  =  <12  *  < I Y  -  12)  -  2X  *  2)  /  II 

3910  13  =  <  ZX  *  IZ  ♦  ZX  *  <  IX  -  I Y  > )  /  II 

3920  14  =  <IX  *  < IX  -  IY)  ♦  2X  *  2)  /  II 

3930  15  =  <ZX  »  < I Y  -  IZ)  -  ZX  *  IX)  /  II 

3940  A<6 , I )  =  0 

3950  Ai6,2>  =  0 

3960  A  <  6 , 3 )  «  RE  •  I  2  ♦  PE  »  I  3 
3970  A<  6 , 4  >  >=  0 

3980  A  <  6 , 5 )  =  <  DB  <  6 )  •  IZ  ♦  DB( 1  1 )  *  ZX)  /  II 

3990  A(6,6>  =  <  DB<  7 )  •  IZ  ♦  DB(12>  *  ZX)  /II  ♦  QE 

40  0  0  A  <6, 7)  =  ( DB  <  8 )  *  IZ  •  0B<13'  *  ZX'  II  *  QE 


til  It'  A  l  6 , 8  '  =  It 


4020  8(6, ! )  =  0 


4  0  30 

8(6,2) 

= 

<DB(9>  * 

1 2  * 

OB (  1  4  ) 

•  2-  • 

/  1 1 

4040 

8(6,3) 

= 

( D8< 10)  * 

1  2  ♦ 

08  (  15) 

*  zx ) 

/  I 

1 

4050 

A<  7, 1 ) 

= 

0 

4060 

A<  7 , 2) 

= 

0 

4070 

A<  7 , 3) 

= 

PE  *  14  ♦ 

RE  » 

I  5 

4080 

A<  7 , 4  > 

0 

4090 

A<  7,5) 

= 

<  OB ( 1 1 )  * 

IX  ♦ 

DB(  6) 

•  ZX) 

7  I  1 

41  00 

A<  7 , 6) 

= 

<  DB( 1 2)  * 

IX  ♦ 

DB(  7) 

*  ZX) 

/  1 1 

♦  QE  » 

I  4 

41  1  0 

A  (  7 , 7 ) 

= 

(08(13)  * 

IX  ♦ 

08(8) 

♦  ZX) 

/  1 1 

♦  QE  « 

I  5 

41  20 

A<  7 , 8) 

= 

0 

41  30 

8(7,1) 

= 

0 

4140 

8(7,2) 

= 

( DB< 1 4 )  * 

IX  ♦ 

DB(  9) 

»  ZX) 

7  1 1 

4150 

8(7,3) 

= 

<0B<15>  * 

IX  ♦ 

08(8) 

«  ZX) 

/  1 1 

4160 

A<  8 , 1  ) 

= 

0 

41  70 

A  (  8 , 2 ) 

= 

0 

41  80 

A(  8 , 3) 

= 

SF  «  TAN 

(AE) 

41  90 

A  (  8 , 4  ) 

- 

(RE  »  CF 

♦  OE 

»  SF)  / 

(CA  A 

2) 

4200  A <  8 , 5 >  =  0 


4210  A  (  8 , 6  )  =  1 


4220  A(8,7)  =  CF  «  TAN  < AE ) 


4230  A<8,8>  =  (OE  *  CF  -  RE  »  SF )  *  TfV4  (AE) 


4240  6 <  8  ,  l )  ^  0 


4250  B(8,2)  =  0 


4260  B <  8 , 3 )  *  0 


4270  PRINT 

:  INPUT  -AMAT  STORAGE  LOCATION  2001  — >";R 


4280  PRINT  D* ; “ OPEN  A7-D,L20,D2" 


4290  FOR  I  =  1  TO  8 


4300  FOR  J  «  1  TO  8 
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▼ 


■T 


K  *  ' 


I 


(  1 


ri 

431  0 

PRINT 

PRINT 

R  -  R 

NEXT 

NEXT 

Oi ; “WRITE  A 7-0 , R" ;R 

A  (  I  ,  J  ) 

♦  1 

J 

► 

"i 

4  320 

FOR  1  =  1 

to  e 

•I 

■1330 

FOR  J  = 

1  TO  3 

j 

i 

4340 

PRINT 
PRINT 
R  =  R 
NEXT 
NEXT 

D*;"WRITE  A7-D.R" ;R 

B< I , J) 

♦  1 

t 

4350 

PRINT  D*  ; 

"CLOSE  A7-D" 

« 

« 

4360 

RETURN 

9 

■ 

. 

4370 

REM  CALCULATES  AUGMENTED  AMAT  &  BMAT 

4380 

INPUT  "ENTER  THE  ELEVATOR  INPUT  IN  POUNDS  - - >  ";E 

c 

%'j  r 

4390 

PRINT 

INPUT  "ENTER  THE  TRIM  CONSTANT  -->  " ; KT 

» 

4400 

PR  I  NT 

PRINT  "SELECT  FLIGHT  CONTROL  AUGMENTATION" 

PRINT 

PRINT 

r« 

44  1  0 

PRINT  " 
PRINT 

1  CONTROL  AUG  -  ON;  WITH  AY  FEEDBACK" 

4420 

PRINT  " 
PRINT 

2  CONTROL  AUG  -  ON;  WITHOUT  AY  FEEDBACK" 

4430 

PRINT  "  3  YAW  STAB  -  ON;  CONTROL  AUG  -  OFF;  WITH 

AY  FEEDBACK" 

PRINT 

K 

4 

4440 

PRINT  * 

OUT  AY 
PRINT 

4  YAW  STAB  -  ON;  CONTROL  AUG  -  OFF;  WITH 

FEEDBACK" 

L 

► 

► 

4  4  SO 

PRINT  " 

PRINT 

PRINT 

5  MECHANICAL  PATH  ONL y * 

» 

« 

t 

4460 

INPUT  "ENTER  SELECTION  -->  ";S 

k 

► 

4470 

ON  S  GOTO 

4480,4490, 4500 ,4510, 4520 

f 

\ 

► 

> 

< 

f 

4480 

00  =■  1 

PP  =  1 

RI  =  1 

NY  =■  1 

GOT  Ft  4530 

i 
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X—m+Jm. 


J 


'I 


r< 


< 


<  w 


44  90 

00  =  1 

PP  =  1 

PI  —  1 

NY  =  0 

GOTO  4530 

450  0 

QQ  =*  0 

PP  =  0 

RI  =  1 

NY  =  1 

GOTO  4530 

<4510 

Q  0=0 

PP  =  6 

RI  =  1 

NY  =  0 

GOTO  4530 

4520 

QQ  =  0 

PP  =  0 

RI  =  8 

NY  =  0 

4530 

REM  CHANGES  EX 
NT  AUG  -  ON 

4540 

FOR  1  =  1  TO  8 

4550 

AC  I  , 3)  =  AC  I  , 

4560 

AC  I  ,4)  =  AC  I  , 
1,3) 

4570 

AC  I  ,9)  =  KT  * 

4580 

AC  I  , 1 0 )  «  BC  I 

4590 

AC  I  , 1  1  )  «  0 

4600 

AC  I  , 1 2)  =  .2 

4610 

AC  I  ,  1 3)  =  0 

4620 

AC  I  , 1 4)  =  .2 

4  A  30 

AC  1  ,  1  5)  =  B'  I 

4a40 

A (  I  , 1 6  »  =  .00 

4450 

AC  I  ,  1  7)  =  BC  I 

4640 

BC  I  ,  1  )  =  0 

4670 

BC I ,2)  =  .001 

4480 

BC  I  , 3)  =  0 

4690 

next 

1  7') 


« 


■  W,  ...<.<. 


'  !  I  ■'  4  .  f  ■  it- 


47  1  0 

11  =  1 

:  M.M  f  l  9  CM'  r '  ■>9  .•  f  i"  i  ! 

L'f  f  i  r  itn  i 

4720 

L  2  -  .  6 

PLM  808  ULIf.Hr  CuLff  lr.IF’jT 

rnc  fjf.MT 

47  30 

L  3  =  .0655 

REM  60B  WEIGHT  COEFFICIENT 

FOP  A 2 

4740 

L4  =  .5  »  L2 

4750 

M  =  C<  9)  /  Ci?) 

4760 

L5  =  .5  *  L3  /  M 

4  7  70 

A<  9 ,  1  )  =  L4  •  A( 3, 1 )  -  L5  « 

ZD(  1  ) 

4780 

A  <  9 , 2 )  =  L4  «  A<3,2>  -  L5  » 

2D<  2> 

47^0 

A  <  9 , 3 )  =  L4  *  A ( 3 , 3 )  -  L5  * 

)  ) 

( 2D<  4 )  ♦  .25 

4800 

A< 9 , 4)  =  L 4  »  A( 3 ,4) 

4810 

A ( 9 , 5 )  =  L4  *  AC3.5) 

4  c  20 

A  <  9 , 6 )  =  L4  *  A( 3, 6) 

48  30 

A<  9 , 7)  =  L4  .  A<  3 , 7) 

484t> 

A  <  9  t  Q  )  =s  L  4  •  A  <  3 , 8  > 

4  850 

>3.9,9)  =  l  4  .  A  <  3 , 9 )  -  L  5  * 

K  7  *  2  B .  5 )  - 

4  9.10 

A ( 9 , 10)  =  L4  *  A <  3 , 1 0 )  -  L5 

♦  20(5) 

48  70 

A  <  9 , 1  1  )  =  L  4  •  A  (  3 , 1  1  ) 

4U&W 

A .9, 12)  =  L4  »  A .  3,12) 

4  0  90 

A  (  9 , 1  3  >  -  L  4  *  m(  3, 1  3) 

49  0  0 

A  <  9 , 1  4  )  --  1.  4  *  A  >  3 , 1  4  t 

49  1  0 

A  <9,1  5  »  -  L.  4  *  A «  3  ,  1  5  > 

4920 

A  k  9 , 1  6  )  =  L  4  *  A  (  3 , 1  6  > 

4930 

A  (  9 , 1  7  )  =  L  4  *  A  (  3 , 1  7 ) 

4940 

E'9, 1  >  -  L4  .  0(3,1)  *  .5  » 

L  1 

4950 

B<  9 , 2)  =  L4  •  B<  3 , 2) 

4  9  60 

B ( 9 , 3  >  =  14  *  B<3,3> 

4  V  70 

1  1  *=  .0057  •  t  -  f  ■ 

2DC 


:  Pf  M  t.  L  C*7n  1  ijP  C»- «'_*•  '  •  T  1 1.  k  FU*  1  t.  1  ■  ■!  M  [  1  [  f ;  ’ 


•I  9  n  0 

1.7  =  .00  0  54  *  PP 

REM  m2  COEFFICIENT 

.1  VV0 

L  3  -  l  .8132  ♦  < L  7  /  M  >  *  PP 

5-0  0  0 

NQ  =  .006898  *  PP 

50  1  @ 

A(  1 0  ,  1  )  = 

NQ  *  A  t  3 , 1  )  -  L  8  • 

2  0t  1  > 

50  20 

A ( 10 , 2  )  = 

NQ  »  At  3 , 2)  -  L8  » 

2  [>  t  2  > 

50  30 

At  1 0  , 3  >  = 
5  >  > 

NQ  »  At  3,3)  -  L 8  » 

( 20 1  4  )  ♦  .25  *  QQ 

5040 

At 10 ,4)  = 

NQ  •  At  3 , 4 ) 

50  50 

A< 1 0 ,5)  = 

NQ  *  At  3,5) 

50  6  0 

A< 1 0 , 6 >  = 

NQ  »  At  3,6) 

50  70 

At  1 0 , 7  >  = 

NQ  *  Ac  3,7) 

50  80 

At  1 0 ,8)  = 

NQ  »  At  3,8) 

50  v0 

At  10,9)  = 

NO  *  >3(3,9)  -  L  8  * 

70(5'  •  KT 

5100 

At  1 0  ,  1 0 )  = 

=  NO  *>  At  3 , 1  0  )  -  !_ 8 

*  2 D t  5 )  -  1.8182 

51  10  FOR  I  =  1  1  TO  1 7 

:  A (10,1)  =  NO  *  A  f  3 ,  I  > 

:  NEXT 


5  1  20 

O'  10,1) 

= 

NQ  *  B<  3, 1  ♦  1 

51  30 

B (  10  , 2  > 

= 

NQ  *  0(3,2) 

e< 10,3) 

=• 

NQ  »  B<  3,3) 

51  40 

L9  =  1 

REM  AILERON  COEFFICIENT 

M  50 

FOR  I  = 

1 

TO  10 

a< l i  , : 

i  > 

=  0 

NEXT 

V  1  *  * 

M  -  1  I  ,  1  1 

-•  -  1  ?  .  8 

M  70 

FOR  i  = 

l  ; 

2  T  U  1  7 

a  ( i  i  , : 

i ) 

=  0 

NEXT 

51  80 

B  <  1  I  ,  1  ) 

= 

0 

8(11,2) 

= 

0 

51  90 

E<  t  1  I  ,  3  > 

2  *  L  9 

5 

FOP  I  = 

1 

TO  1  0 

AM?.] 

[  > 

=  0 

:  Mf  '  T 


2D( 


:<  v 


*:•  1 11 

a  i ,  i  :  •  =  i  . .  - 

5220 

A(|2,12-  --  !  2  . 

5?  30 

\-W  l  -  13  TO  12 

A  v  1  2  ,  1  «  =  0 
next 

5240 

FOR  I  =  1  TO  3 

B  (  1  2  ,  I  )  =  0 

NEXT 

5250 

FOR  I  =  1  TO  1? 

AC  1 3 , t  )  =  0 

NEXT 

5  260 

AC  13, 13)  =  -  3 

5270 

FOR  I  =  14  TO  17 

AC  1  3, 1  )  =  0 

NEXT 

5280 

B< 1 3, 1 )  =  0 

B  (  1  3 , 2  )  =  0 

5  290 

B< 1 3 , 3)  =  .063  *  PP 

5390 

FOR  I  =  1  TO  12 

AC  1 4 ,  1  )  =  0 

NEXT 

531  9 

A <  1 4 , 1  3 i  =  10 

A  (  1  4  ,  ■  4  i  =  -  \  (5 

5330 

FOR  I  =  1 5  TO  17 

AC  1  4 , i  )  =  0 

NEXT 

5340  F  OP  I  =  1  TO  ' 

:  BC  1  4  ,  I  •  =  0 

:  NEXT 

5350  YR  =  . ?5  *  R 1 

:  Y  P  =  .011  *  R  I 

53X0  FOP  I  =  1  TO  ! 7 
:  Al 15,1 >  -  i R  ' 

:  NEXT 


T370  Ail  5, 15)  =  YR  »  A<7,15)  - 


5380  FOR  I  =  1  TO  3 

:  E3  <  1  5  .  I  >  =  YR  *  fU  7  ,  I  ' 

:  NEXT 


t  P  *  m  '  6 , 1  - 

r  P  *  AC  6 , 1 5) 

Y  P  *  8(6,1) 


'JVH  N 1  =  ?  .  Ill  '  M 


"■4  0  0  N? 


14  •  Hi 


54  1  O 

F  Of-  I  =  1  T  0  4 

A  (  1  6  ,  l  )  -  14  2  *  A  •  7,1  i 
NEXT 

5420 

A  (  16,5)  =  N?  •  mi  7,‘)i  • 

m  * 

OB <  l  ; 

5430 

A( 16,4)  c  N2  •  hi  7,6  '  ♦ 

)  ♦  .1  •  N1  •  DB(  3) 

m  * 

F’B  (  4  >  ♦ 

.  02  •  N1  «  DB (  2 

5440 

A< 1 6 , 7)  =  N2  *  h(7,7>  ♦ 

N1  * 

DB(  5) 

5450 

FOR  I  =  8  TO  13 

A( 1 6, I >  =  N2  *  A( 7, I  > 
NEXT 

5460 

A<  1  6 , 1  2  )  =  N2  »  A«.  7 , 1  2) 
3) 

♦  .  2 

•  m  • 

DB( 2 )  ♦  N1  »  OB( 

5470 

A( 1 6 , 1 4 )  =  N?  *  A( 7 , 1 4) 
3) 

♦  .2 

*  N1  » 

DB ( 2 )  ♦  N1  *  DB( 

5480 

A<  16, 1 5)  =  N2  »  A( 7, 15) 

♦  N 1 

*  DBC2) 

5500 

A< 1 6 . 1 6)  =  N2  *  A<  7, 1 6) 

♦  .003  *  N 1 

*  DB( 2 )  -  2 

5510 

A  <  1  6 , 1  7  )  =  N2  *  A  (  7 , 1  7  > 

♦  N 1 

*  DB ( 2  > 

5520 

8(16,1)  =  N2  »  B( 7 , 1 > 
8(16,3)  =  N2  •  8(7,3) 

5530 

B( 1 6 , 2)  =  N2  *  8(7,2)  ♦ 

.00  1 

*  N1  * 

DB(  2) 

5540 

FOR  I  =  1  TO  15 

A( 17,1 )  =  0 

NEXT 

5550 

A(  1  7, 1  6)  =*  .  0009 

5560 

A(  1  7, 1  7)  =  0 

5570 

FOR  1  =  1  TO  3 

8(17,1)  =  0 

NEXT 

5580 

GOSUB  5710 

5590 

PRINT 

PRINT  "NEW  AM AT  OPTION- 
PRINT 

PRINT 

5600 

PRINT  ■  1  SAME  AUGMENTAT I  ON ,  DIFFERENT  ELEVATOR 

INPUT" 

PRINT 

5610 

PRINT  "  2  DIFFERENT 

PRINT 

AUDI  IF  NTAT  I  ON 

5620 

PRINT  "  3  F  X 1 T  AUGMENTATION" 

:  PRINT 
:  PRINT 


5630 

INPUT  "ENTER  SELECTION  - >  ";S 

5640 

ON  S  GOTO  5650,4370,5700 

5650 

REM  CHANGES  AMAT  A<9,9>  FOR  DIFFERENT  ELEUATOR  INPU 
T 

5<S60 

PRINT 

:  INPUT  "ENTER  NED  ELEVATOR  INPUT  IN 

POUNDS  ‘  j  E 

5670 

A  <  9 , 9  )  =  L4  *  A<3,9)  -  L5  «  2D(5>  - 

1  6 

5680 

GOSUB  5710 

5690 

GOTO  5590 

5700 

RETURN 

5710 

REM  SUBROUTINE  FOR  STORING  AMAT  t, 

BMAT  TO  DISK 

5720 

PRINT 

INPUT  "STORAGE  LOCATION  DESIRED  FOR 
&  BMAT  ' ;R 

AUGMENTED  AMAT 

57  30 

PRINT 

INPUT  "ORDER  OF  AMAT  * ; OA 

5740 

PRINT  D* 

PRINT  D* ; ” OPEN  A7-D,L20,D2‘ 

5750 

FOR  I  =  1  TO  OA 

5760 

FOR  J  =  1  TO  OA 

5770 

PRINT  D*;-URITE  A7-D,R";R 

PRINT  A< I , J ) 

R  =  R  ♦  1 

NEXT 

NEXT 

5760 

FOR  I  =  1  TO  OA 

5  790 

FOR  J  =  I  TO  3 

580  0 

PRINT  D*;"UPITE  A7-D,R";R 

PRINT  Bi I , J ) 

R  =  R  ♦  1 

NEXT 

NEXT 

5810 

PRINT  D*;"CLOSE  A7-D" 

PRINT 

1 8  4 


5820  RETURN 


State  Transition  Matrix 

AT 

This  program  calculates  e  where  A  is  a  matrix  and  T  is  the  step 
size  desired  to  propagate  the  state  variables  forward  in  time.  The 
program  asks  for  the  size  of  the  A  matrix  and  the  desired  number  of 
terms  in  the  exfxanential  series  expansion.  It  calculates  the  state 
transition  matrix  (F-matrix)  and  the  matrix  used  to  propagate  the  input 
which  is  labeled  G-matrix.  These  matrices  are  stored  to  disk  and  a 
printout  is  available.  The  algorithm  used  in  this  program  is  presented 
in  the  digital  solution  section  of  this  appendix. 


state 

T  R^r  J  S  I  T  1  Uf  J  M A  T  R  1  v 

i  0 

D%  =  CHRf.  <  4  > 

REM  CTRL-D 

20 

M  =  1 

P  -  1  0 

0=11 

30 

OEF  FN  R<  X )  =  INT  (X 

«  1000000  ♦  .5)  /  100000e 

40 

HOME 

TEXT 

PRINT  CHR*  < 1 2 ) 

PRINT 

50 

INPUT  "KEY  IN  ORDER  OF  MATRIX  A  ";N 

60 

INPUT  "HOUI  MANY  TERMS 
D?  " ; RR 

IN  ' FMAT '  DO  YOU  WANT  EVALUATE 

70 

DIM  A(N,N)  , F  <  N ,N , RR  * 
N)  ,FM(N,N)  , GM  <  N , N ) 

1),G(N,N,RR  ♦  1  )  , I M  <  N , N  >  , AM ( N , 
,FP(N,N> ,GP(N,N> 

80 

FOR  I  =  1  TO  N 

90 

1M< I , 1)  =  1 

100 

NEXT  I 

1  10 

PRINT  "INPUT  ELEMENTS 

OF  MATRIX  A" 

1  20 

PRINT 

PRINT 

1  30 

PRINT  "1  -  ENTER  AMAT 
PRINT 

FROM  DISK" 

1  40 

PRINT  "2  -  ENTER  AMAT 
PRINT 

FROM  KEYBOARD" 

1  50 

PRINT  "ENTER  OPT  I  ON  - 

-  >  -  ; 

1  60 

GET  A 

PRINT  A 

1  78 

ON  A  GOTO  240 , 1 e@ 

180 

FOR  I  -  1  TO  N 

1  90 

FOR  J  «=  1  TO  N 

200 

PRINT  "  A C  *  ; I 

s  * .  *  5  J  i " >  =■; 

210 

INPUT  A C I  , J) 

220 

NEXT  J 

PRINT 

NEXT  I 

230 


GOTO  300 


240  INPUT  “STORAGE  LOCATION  FOR  AMAT  ";R 


250  PRINT  D* 

:  PRINT  D* ; " OPEN  A7-D.L20.D2* 


260  FOR  I  »  1  TO  N 


270  FOR  J  -  I  TO  N 


260  PRINT  D* ; “READ  A7-D, R“ ; R 

:  INPUT  A< I , J) 

:  R  =  R  ♦  1 

:  NEXT 

:  NEXT 


290  PRINT  D*; “CLOSE  A7-D“ 


300  INPUT  “ENTER  TAU  AND  T-STAR  “;TAU,TI 


310  T  =  TAU  /  T 1 


320  PRINT 

:  POKE  36,12 
;  INVERSE 

:  PRINT  “PLEASE  STANDBY “ 

:  PRINT 

:  PRINT  “CALCULATING  THE  STATE  TRANSITION  MATRIX" 
:  NORMAL 
:  PRINT 


330  FOR  I  =  1  TO  N 


340  FOR  J  =  1  TO  N 


350  K  =  1 


360  F  < I  ,J,K>  =  IM<  I  , J> 


370  G< I , J,K)  =  IM< I , J)  *  T 


380  NEXT  J 

:  NEXT  I 


390  REM 


400  FOR  I  =  I  TO  N 


410  FOR  J  =  1  TO  N 


420  F  <  I  , J , K  ♦  1  >  =  0 


430  FOR  L  =  1  TO  N 


440  F(I,J,K  ♦  I )  =  F(I,J,K  »  1>  •  AlI.L'  •  GCL,J,K 


NEXT  L 


:  NEXT  J 

:  NEXT  I 


468  FOR  I  =  1  TO  N 


470  FOR  J  =  1  TO  N 


460 

G< I  , J  , 

K  ♦ 

1 )  «  F( I , J,K  ♦  1 )  *  (T 

490 

NEXT  J 
i  NEXT  I 

500 

IF  K  =  RR 

THEN 

526 

510 

K  =  K  ♦  1 
:  GOTO  390 

520 

REM 

530 

FOR  I  =  1 

TO  N 

540 

FOR  J  = 

1  TO 

N 

550 

FP< I , J)  = 

@ 

560 

GP< I , J)  = 

0 

570 

FOR  K 

«  1 

TO  RR  ♦  1 

580 

FP (  I 

,  J) 

=  FP( I , J)  ♦  F ( I ,J,K> 

590 

GP  <  I 

,  J) 

*  GP ( I  , J)  ♦  G( I  , J , K > 

60  0 

NEXT  K 

:  NEXT  J 

:  NEXT  I 


610  PRINT 


620  PRINT  "DO  YOU  WANT  A  PRINTOUT  OF  THE  MATRICES’  * 


630  INPUT  A* 

:  I F  A*  =  -N"  THEN  940 


640  PRINT  D* 

:  PRINT  0* ; "PPM  1  * 
:  PRINT  CHR*  (15) 


6 1)0  POKE  36,6  •  N 

:  PRINT  "A-MATRIX" 
:  PRINT 
:  PRINT 


660 

I  =  1 

670 

FOR  J  = 

1  TON 

6ft  0 

AM<  I  , 

|Ln  *  f  n  P A  <  1 

.  J 

A  V  I! 

pi>  e 

3  *  ,  1  .  ’  • 

:  PR  n  Jr  mM<  I  ,  ,1  *  ; 

:  NE  *•  T 


700 

PRINT 

• 

710 

IF  I  =  N  THEN  730 

720 

1  =  1*1 

GOTO  670 

730 

PRINT 

PRINT 

• 

740 

POKE  36,6  •  N 

PRINT  “ F-MATR I X" 

PRINT 

PRINT 

750 

I  =  1 

• 

760 

FOR  J  =  1  TO  N 

770 

FM< I , J)  =  FN  R< FP< I , J) > 

780 

POKE  36,12  *  J 

PRINT  FM< I , J) ; 

NEXT 

• 

790 

PRINT 

800 

IF  I  =  N  THEN  820 

810 

1  =  1*1 

GOTO  760 

820 

PRINT 

• 

< 

830 

POKE  36,6  *  N 

PRINT  'G-MATRIX’ 

PRINT 

PRINT 

- 

840 

I  =  1 

• 

850 

FOR  J  =  1  TO  N 

860 

GM(  I  , J)  =  PN  R<  GP<  I  , J)  ) 

070 

POKE  36,12  •  J 

PRINT  C-M(  I  ,  J)  ; 

NEXT 

• 

880 

PRINT 

890 

IF  I  =  N  THEN  910 

900 

1-1*1 

GOTO  850 

91  0 

PR  I  NT 

• 

1  H'» 

• 

FRt  ■*  e  • 


n 


920 

PRINT 

I  PRINT 
:  PRINT 

D* 

C>*  ;  “  PR#0  " 
D* ; " I N#8 “ 

930 

HOME 

:  PRINT 

CHR*  <I2) 

:  PRINT 

9*40 

PRINT 

INPUT  " FMAT  &  GMAT  STORAGE  LOCATION 

950 

PRINT  0* 
PRINT  D* ; " 

OPEN  A7-D.L20 ,02" 

960 

FOR  I  =  1 

TO  N 

970 

FOR  J  = 

1  TO  N 

980 

PRINT 
PRINT 
R  =»  R 

NEXT 

NEXT 

D*  ;  "LIR  I TE  A7-D.R"  ;R 

FP< I , J) 

♦  1 

990 

FOR  I  =  1 

TO  N 

1000 

FOR  J  - 

1  TO  N 

10  10 

PRINT 
PRINT 
R  =  R 
NEXT 
NEXT 

D*;-WRITE  A7-D.R" ;R 

GPC I , J) 

♦  1 

1020 

PRINT  D* ; 

CLOSE  A7-D" 

t 


< 

Li 

i 


( 

:< 


i 


Discrete  Time  Response 

This  prouram  solves  the  discrete  state  differentia)  equations  to 
produce  a  discrete  time  response  to  step,  pulse,  and  doublet  inputs . 

The  program  asks  for  the  desired  number  of  seconds  for  the  time 
solution.  The  response  to  this  question  must  result  in  seme  multiple  of 
50  when  the  time  is  divided  by  the  time  increment.  The  order  of  the 
system  matrix  is  input  and  the  A  matrix  can  be  loaded  frem  disk  or  from 
the  keyboard.  The  state  transition  matrix  is  loaded  frem  disk  along 
with  the  G  rratrix  which  premultiplies  Bu.  The  appropriate  column  of  the 
B  matrix  is  input  frem  the  keyboard,  as  are  the  initial  conditions  for 
the  state  variables.  The  magnitude  of  the  input  is  entered  in  pounds, 
and  the  choice  of  a  step  pulse  or  doublet  is  made.  If  the  input  is  a 
pulse  or  doublet,  the  approximate  period  of  the  primary  mode  being 
excited  is  needed,  i.e.,  rudder  input  implies  dutch  roll.  The  program 
calculates  the  state  variables  at  each  time  increment  and  stores  these 
values  on  a  disk  for  future  use.  A  tabular  listing  of  the  response  is 
available  and  the  stored  data  is  used  for  plotting  time  responses  for 
each  state  variable,  using  the  program  called  Augmented  Plotter. 

This  program  solves 

x  ( t )  =  A  x  ( t  )  +  li  u(t)  (D56) 

which  has  -a  solution  form  of 

x(t)  =  eAt'x(o)  t  eA^  T  ^Bu(t  )di  (D57) 

o 

letting  t  -  kT 

kT 

x  ( kT)  ---  i'AkTx(o)  +  /  eA^  r_T  )[lu(T  )dt 

o 


101 


i 


x  ( kT ) 


x(kT)  = 

lcxjkiny  at 
k=l 

x  (T )  = 

k=2 

x(2T)  = 

k=3 

x(3T)  = 


o 


x(o) 


,  -at,,  ,  .  . 

+  e  /  e  Bu(t)'1t 
o 


T  2T 

okAIx(o)  +  ekAr  /  e  AtBu(o)c3t  +  c1^  /  e_ATBu(t)dT 
o  T 


+ 


kAT 

e 


kT 

I  e  AtBu[ (k-1 )T]dt 

(k-l)T 


I 


kAT 

o 


x(o) 


+1  /  eA(kT  T)Bu[(k-l)T]dT 

k=0  (k-l)T 


k=l ,  2,  3 


eATx(o)  +  /  eA^T  T^Bu(o)dx 
o 


e^xto)  +/2TeA(2T-’>Bu(,)d, 

o 

<-A2Tx(o)  +  yTeA(W-',nu«»d,  +  f  §(2T-’»  u(T)di 
O  T 


A3T  -  , 

O  X  ( o ) 


3T 


+  ; 


A( 3T-t  )  , 

e  Bu(  t 


)dt 


o 


c;v3Tx(o)  +  ;  eA(3T  x)Bu(o)dt  +  ;  eA(3T  r)Bu(T)dT 


o 


It 

♦  ,  /or-,) 


B'’(  2T)dr 


Using  x(2T)  from  alxove 


x(2T) 


2AT  ,  .  TA(2T-T)n  .  ,  ,  ,  A ( 2T- t )  , 

e  x(o)  +  /  e  Hu(o)c3t  +  j  e  lki(T)dx 


t  zr 

ATr  AT  ,  .  ,  A(T-t)0  ,  %  j  -j  .  A(zr-x)n  , 

e  [e  x(o)  +  /  e  Bu(c)dTj  +  /  e  Bu(T)di 


-  eAT[x(T)]+;  cA(2T-’>B(T )* 


(D62) 


AkT  AT 

so  e  x(o)  =  o  x  [(k-l)T]  arid  fran  above 


Now  changing  variable  of  integration  for  k=2  and  k=3  to  show  this 


integral  Ivis  tlie  same  form 


c 


t  =  T  +  t  '  dT  =  di  ‘ 

t  -  2T  +  t  "  dT  =  dt  ' 


for  k-2 


/2TQA(2T-(’''>-T))Bu(T)dt.  ')nu(T)dt. 

T  o 


(D64) 


3T  T 

■  eA(3T_(x ' '+2T) )Bu(2T)dx ' ‘  =/  eA(T_T '  ^Bu(2T)di  "  (D65) 


since  t  '  and  t  '  '  are  just  duniny  variables  integrals  are  equal  so 


T 

x(k+l)T)  =  eAIx(kT)  +  eAI/  e_Ai Bdx u(kT) 


(D66) 


solving 


T 

AT ,  -At n  1  m  \ 
e  /  e  MTu(kT) 


eAT[-A  1 e  At  H  |  ]u(kT) 


ATr  -1  -AT  -1.,  ,  4 

e  L-A  o  +  A  ]Bu(kT) 


r  AT  /  -  —  1^  —  ArI  AT  —  1 . 
[e  (-A  )e  +  e  A  ]Bu(kT) 

[-A_1  +  eAFA_1]Bu(kT) 


A  1[eAT  -  l]Bu(kT) 


rT  At  ,  -1  At  ,T  -1  AT  -1  -1,  AT  T, 

/  e  dT  =  A  e  |=Ae-A  =A(e  -I) 


o 


o 


AT  - 1  AT 

x[ (k+1 )T]  =  e  x(kT)  +  A  (e  -I)Bu(kT) 


I  used  a  series  expansion  of  e' 


AT 


AT  rT  A2T2  A5  TJ  , 

e  —  [I  +  AT  +  — —  +  .  .  .  ] 


21 


31 


and 


-1  2  -123 

-1  AT  -1  -1  -1  ^  A  AAT  A  AA  T  , 

A  e  -A  =  [A  +  A  AT  +  — — -  +  - — -  + 


2! 


3! 


]-A 


-  IT  +  AT2  aV  a¥ 

11  21  3!  41 


therefore. 


i^k  kJr+1 

x[(k+l)T]  =  [  Z  -j^y— ] x ( kT )  +  [  I  (kVlTT  ]u(kT) 

k=0  k=0 


This  wis  implemented  in  the  following  program  written  in  Applesoft 


(D67) 

(D68) 

(D69) 

(D70) 

(D71) 


Basic . 


►  ♦I  IGMENTb-  [•  M  !f  4  :",t  •'  <.'b  f-  ! 


10  D%  a  CHR*  (4; 
:  PEN  CTRL-0 


?o  M  =  1 

:  P  =  1  0 

:  0  =  15 


30  OEF  FN  R<*>  =  I  NT  ♦  1000000  ♦  .  5>  /  1000000 


40  HOME 

:  TEXT 

:  PRINT  CHR*  <  1  2  "> 
:  PRINT 


50  INPUT  "ENTER  SECONDS  OF  TRACE  DE  S I  RE  D“  ;  H.x 


60  INPUT  "KEr  IN  ORDER  OF  MATRIX  A  "  ;N 


70  DIM  A(N,Nj  ,Fx(N,1  ,50)  ,GB<Nf  1  )  ,E?(Nf  1  >  ,  CP  ( N ,  N  )  ,  FP  (  N  ,  N) 
,  T  I  MF  >  50  )  ,  LYvN)  ,KY(N)  ,  >  S '!  N  )  , >M'N,50  ) 


fH  DIM  OUCN, 1 ,50) fA<N, 1 ,50) 


o  =  n  ♦  3 


90  T  l  ME  <•  0  )  =  0 


100  PRINT  " INPUT  ELEMENTS  OF  MATRIX  A " 


: l 0  PRINT 
:  PR  I  NT 


i  20  PRINT  "1  -  ENTER  AMAT  FROM  D I  *->  • 

:  PRINT 


1  3  0  PRINT  "2  -  ENTER  AMAT  FROM  K  E  Y  B  OA  R  P  " 
:  PRINT 


140  PRINT  "E-NTEP  OPT  I  ON 


1  50  r;pT  A 

:  f- '  R  1 1  <  T  A 

l  - .*«  •  f  J  a  -..A  -  •  t  ;•<.«  ,  i 


I  no 

FOR  ,!  =  1 

TO  N 

1  90 

PRINT  " 

A  <  "  ;  ] 

1  ;  "  ,  "  ;  J  ;  "  ) 

=  - 

200  INPUT  A ( I , J ) 


2  3  I  f  4 1 '  U  T  "STOP-  m  G  E  L  0  C  m  T  I  ON  f  0  R  AMA  T 


2*  ni 

PRINT  O-i 
PRINT  Df>  ;  " 

OPEN  A7-D,L20,D2‘ 

250 

FOP  I  =  1 

TO  N 

2*0 

FOP  J  ■= 

1  TO  N 

270 

PRINT 

I  NPUT 

P  =  R 

NEXT 

NExT 

D* ; ‘READ  A7-D ,R" ; R 

A( I , J) 

*  I 

280 

PRINT  0*;“ 

CLOSE  A7-D- 

290 

INPUT  ‘ENTER  TAU  AND  T-STAR  ‘ ; TAU , T 1 

300 

T  =  TAU  / 

T  I 

31  0 

INPUT  "STORAGE  LOCATION  FOR  Ff-IAT  ”  ;  R 

3  20 

PRINT  DS 
PRINT  Of ; 

OPEN  A 7 - D , L20 , 02" 

33  v? 

FOR  I  =  1 

TO  N 

30  0 

FOR  J  = 

1  TO  N 

400 

PR  I  NT 

INPUT 

R  =  F 

Nil  XT 

NEXT 

0*  ;  ‘  READ  A 7-0  ,  R‘  ;  R 

FP(  I  , J  > 

♦  1 

3x0 

FOR  I  =  I 

TO  N 

32»3 

FOP  J  = 

1  TO  N 

PR  I  r J  t 

input 

R  ■-  P 

r  j  t  *  • 

C'»i‘READ  A7-0,P‘;P 

GP( 1 , J > 

*  I 

■  >■ 

Pi.  !  NT  it;' 

1  v  "  ■[  p*  '  !  • " 

print  ‘INPUT  OESIREO  COLUMN  OF  B  MATE 

•5  1  0 

PRINT 

‘1?0 

fop  i  *  : 

1  TON 

PRINT 


P ' ■  "  J  I  ; "  ,  1  > 


4  E  T  I 


450 


4*0 

PRINT 

:  INPUT  “ARE  ALL  ENTRIES  CORRECT 
:  IF  At  =  *N“  THEN  400 

<  Y/N )  m  \C\% 

470 

PRINT 

:  PRINT  “INPUT  INITIAL  CONDITION 

MATRIX" 

480 

PRINT 

490 

FOR  I  =  1  TO  N 

50  0 

PRINT  “  XC ” i I ; " , 1 ,0)  =" ; 

51  0 

INPUT  X< I  ,  1  ,0) 

520 

NEXT  I 

530 

PRINT 

:  INPUT  “ARE  ALL  ENTRIES  CORRECT 
:  IF  A*  =  “N"  THEN  470 

(Y/N)  7  •  ;A«. 

540 

PRINT 

:  PRINT  “BE  SURE  DATA-TR  DISK  IS 
:  PRINT 

IN  DRIUE  2“ 

550 

PRINT 

i  PRINT  “ENTER  MAGNITUDE  OF  INPUT 

FUNCTION" 

560 

PRINT 

561 

PRINT  “1  -  MAGNITUDE  IN  POUNDS’ 

:  PRINT 

562 

PRINT  “2  -  MAGNITUDE  IN  DEGREES 
:  PRINT 

* 

563 

PRINT  “ENTER  OPT  I  ON 

564 

GET  A 
:  PRINT  A 

565 

ON  A  GOTO  573,570 

570 

INPUT  "MAGNITUDE  IN  DEGREES" ;IP 

571 

IP  =  IP  /  5 7 . 29578 

------ 

572 

GOTO  580 

573 

INPUT  “MAGNITUDE  IN  POUNDS"  j  I  P 

580 

HOME 

:  PRINT  CHR*  (12' 

:  PRINT 

590 

PRINT 

:  PRINT  “TYPE-:  OF  INPUT  0  F  S  I  R  F  0  “ 

:  PRINT 

:  PRINT 


60  0 

PRINT 
;  PRINT 

"1  -  STEP" 

616 

PRINT 

r  PRINT 

"2  -  PULSE" 

620 

PRINT 
;  PRINT 
:  PRINT 

"3  -  DOUBLET" 

630 

PRINT 

"ENTER  OPT  I  ON  -- >  "  ; 

640 

GET  A 
:  PRINT 

A 

650 

IF  A  > 

=  1  THEN  680 

660 

PRINT 
:  INPUT 

■ENTER  PERIOD  -->  "  ;T 

670 

N 1  = 

INT  <T  /  <2  *  T AU > ) 

680 

PRINT 

D$ ; " OPEN  DATA-TR , D2 " 

690 

PRINT 

D*; "DELETE  DATA-TR" 

700 

PRINT 

D* 1 " OPEN  DATA-TR, L20 ,D2" 

71  0 

PRINT 

D«; "WRITE  DATA-TR,  R";0 

720 

PRINT 

HX 

730 

PRINT 

D*;"WRITE  OATA-TR, R";N  ♦  2 

740 

PRINT 

TAU 

750 

XS  = 

:  PRINT 

260  /  HX 

D*;" WRITE  DATA-TR, R";N  ♦  I 

760 

PRINT 

XS 

770 

PRINT 

Dt;' CLOSE  DATA-TR" 

790 

FOR  I 

=  1  TO  N 

790 

GB< 

1,1)  =  0 

800 

FOR 

L  =  1  TO  N 

910 

GB (  1,1)  =  GB<  1,1)  ♦  GP (  I  ,  L  >  » 

820 

NEXT  L 
:  NEXT  I 

930 

FOR  I  =  1  TO  N 

LY<  I  )  =  1 E39 

MCI)  =  -  1  E3M 

NE  <  T  I 


1  ')H 


* 


840  K  =  I 


850  FOR  I  =  1  TO  N 


960  FX (  1  ,  1  ,  H  )  =  0 


870  FOR  L  =  1  TO  N 


880 

FX<  I  ,  I  ,K>  =  FX< I  ,1  , K  >  *  FP (  1 

,  L  )  *  X  (  L  ,  1  ,  K  -  1) 

890 

NEXT  L 

NEXT  I 

WL 

90  0 

ON  A  GOTO  950,910,930 

910 

IF  K  ■=  N1  AND  M  =  1  THEN  IP  =  0 

920 

GOTO  950 

• 

930 

IF  K  =  N1  AND  M  =  1  THEN  IP  =  - 

I  P 

94  0 

IF  K  *  2  *  N1  AND  M  =  1  THEN  IP 

=  0 

950 

FOR  I  =  1  TO  N 

940 

GU< I , 1 ,K>  =  0 

• 

970 

GU<  I  ,1  ,  K >  =  GLK  I  ,1  ,  K  >  ♦  GB(  I  ,  1 

)  •  IP 

980 

NEXT  I 

' 

990 

T I ME  <  K )  =  T I ME  <  K  -  1)  ♦  TAU 

• 

1000 

PRINT  t>*  ;  “  OPEN  DATA -TR  , L 20  ,  D2 ' 

•j 

10  10 

PRINT  Dt; "WRITE  OATA-TR,  R";Q 

1020 

PRINT  TIMECK) 

10  30 

FOR  I  =  1  TO  N 

1040 

X<  I  ,1  ,  K  )  =  FX <  I  ,1  ,  K  >  ♦  GLK  I  ,  1 

K  > 

• 

1050 

if  x ( I  ,1  , k )  <  l v < i >  then  ly <  i ) 

=  X  <  I  ,1  ,  K  ) 

1  0  6t' 

if  *  i  i  ,  i  , k  >  >  Hvtn  then  ht<  i 

*=  X  (  I  ,  1  ,  K  ' 

1  0  70 

PRINT  Dt; "WRITE  IhTh-TR,  R";Q 

♦  i 

10  80 

PRINT  X ( I , I , K ) 

• 

1090 

NEXT  1 

1  l  00 

0  =*  Q  ♦  N  ♦  1 

1110 

IF  K  =  50  THEN  1 1 30 

1  1  20 

K  -  V  ♦  \ 

• 

:  GOTO  850 


no 


1  1  10  F'OF  I 


I  TON 


1  1  4k) 

* 

IF  N't  .  I  )  =  0  AND  L  f  (  I  )  =  0 
GOTO  1170 

THEN  k  S(  I  ’  -  0 

1  1 

* 

IF  mBS  <HY(1>>  >  A8S  ( LY ( I 

/  ABS  ( HY C  I  >  > 1 

GOTO  1 1 70 

))  THEN  YS<  I  )  =  I  NT  k  80 

1  1  60 

YS< I )  =  1 NT  (80  7  ABS  (LYk 

I  )  >  ) 

1  1  70 

PRINT  0*;“UJRITE  DATA-TR  ,  R  " 
PRINT  Y 5 (  1  ) 

;  I 

1  1  80 

NEXT  I 

1  1  90 

PRINT  Dt; "CLOSE  DATA-TR" 

1  200 

PRINT 

INPUT  "DO  YOU  WANT  A  TABULAR 
9  *  ;At 

IF  At  =  "N-  THEN  1320 

PRINTOUT  OF  DATA  - Y/N) 

1210 

PRINT  Dt 

PRINT  Dt  ;  "  PRM  * 

PRINT  CHRt  (15) 

1  220 

PRINT  "TIME"; 

1230 

FOR  I  =  1  TO  N 

POKE  36,12  *  I 

PRINT  "VARIAEILE  « *  ;  I  ; 

NEXT 

1  240 

POKE  36,0 

1  2*50 

PRINT 

PRINT 

1  260 

FOR  K  =  1  TO  50 

1  270 

PRINT  TIHE(K) ; 

1  280 

FOR  I  =  1  TO  N 

>M(  I  ,K>  =  FN  P <  X (  I  ,  1  ,  <  > 

1 

POKE  36,12  *  I 

PRINT  -M( I , K ) : 

NEXT 

1  300 

PRINT 

1310 

NEXT 

1  328 

I F  M  =  MX  /  (50  •  TAU)  THEN 

1  400 

1  330 

FOP  I  =  1  TO  N 

>  .  I  ,  1  , 0 )  ~  *  ■  I  ,  1  , 50 ' 
nf'M  l 

;!no 


1  34  0 

I  I  ME  *  1 

0  >  - 

TIME'  50  ■ 

1  350 

M  =  M 

♦  1 

K  =  1 

1  360 

PRINT 

0* 

PRINT 

D*; 

" PRW0  " 

PRINT 

0*; 

" IN«0 " 

1370 

PRINT 

0*; 

"OPEN  DATA-TR , L20 , D2 " 

1  380 

GOTO 

850 

1  390 

END 

1  400 

PRINT 

"RUN  AUGMENTED  PLOTTER" 

201 


*  ’t 1  jt  (  i>  f  i  r  i  f-  f. 


*5 

INPUT 

“  R N TER  0  I  ME N  V  1  ON  OR  mMm  T  -  -  > 

1  d 

h  =  1 

:  P  «  N 

♦  } 

i 

S  =  P 

2m 

0 *  =  CHR*  (4) 

30 

input 

"WHICH  OAR  I  ABLE  00  YOU  WANT  9 

00 

print 

D*;"OPEN  DATA-TR ,L20 , D2" 

50 

PRINT 

D*;"PEAO  DATA-TP,  R";0 

69 

input 

HX 

20 

PRINT 

D*  ;  '  READ  OATA-TR,  R- ;  I 

80 

INPUT 

YS 

90 

print 

D* ; “ READ  DATA-TR, P";N  ♦  2 

1  00 

INPUT 

TAU 

1  1  0 

PRINT 

D<  j " READ  DATA-TR, R";N  ♦  I 

1  20 

INPUT 

XS 

1  30 

PRINT 

D*; "CLOSE  DATA-TR" 

1  50 

HGP 

!  60 

hplot 

:  HPLOT 

19,0  TO  19,160 

19,80  TO  279,80 

1  70 

PRINT 

0* ; " OPEN  DATA-TR , L20 , D2" 

1  80 

PRINT 

D* ; " READ  DATA-TR,  R”;P 

1  90 

input 

X 

20  9 

T  -  1  9  ♦  X  *  XS 

21  9 

PRINT 

D* ; " READ  DATA-TR , R" ; I  «  S 

L20 

INPUT  Z 

230 

Y  =  80 

-  Z  •  YS 

240 

HPLOT  t 

,Y 

h) 

IJI 

<x> 

I  =  I  ♦ 

N  ♦  1 

260 

P  =  p  ♦ 

rg  ♦  l 

265 

SX  =  MX 

/  TAir 

20  '3 


270 

IF  K  ' 

=  S'-.  THEN  290 

280 

K  *=  K 

♦  1 

:  GOTO 

1  80 

290 

PRINT 

D*; "CLOSE  DATA-TR" 

300 

INPUT 

"WOULD  YOU  LIKE  TO  SAVE  THIS-3  "  ;A* 

310 

IF  A* 

=»  -N"  THEN  330 

320 

INPUT 

"FILE  NAME  — >  * ;B» 

325 

PRINT 

D*  ;  “  8 SAVE ■  ;B* ; " ,A*200  0 ,L*200  0  ,  D2‘ 

330 

END 

201 


1 

< 


M.  i.iME-NTH'  PFvlNl  1  1 

J 


Cl 

1  0 

REM  PROGRAM  FOR  PRINTING  GOT  DATA  FPiti  [•Ic- 

1 

J 

20 

REM 

J 

30 

REM  BY  JEFFREY  R.  RIEMFR 

J 

r 

40 

REM  5  MAY  1983 

1 

J 

f 

50 

REM 

1 

60 

DIM  C< 1 10) ,BE<20) ,DR<  20) ,DA<  20) ,DSc  20  >  ,AN'  20  <  ,F '  20  '  , 

NBC  20 )  ,PE<  20 )  , RET  20 )  , QE  c  20 )  ,AE( 20 ) 

1 

70 

DIM  AC  20 ,20)  ,B<  20 ,20)  ,AM<  20 , 20  )  ,  BM <  20 , 20  > 

i 

80 

DBF  FN  RCX>  =  I NT  CX  »  21  ♦  .5)  /  21 

1 

90 

TEXT 

HOME 

PRINT  CHR*  (12) 

PRINT 

t 

t  f 

100 

D*  =  CHR*  (4) 

REM  CTRL-D 

y 

\ 

1  1  0 

REM  MENU 

5* 

1  20 

PRINT 

PRINT  SPCC  15) ; 

INVERSE 

PRINT  "MAIN  MENU" 

NOPMAL 

PRINT 

PRINT 

1  30 

PRINT  "1  -  PR  I  NT  DERIVATIVES- 

PRINT 

fl 

1  40 

PRINT  -2  -  PRINT  EQUILIBRIUM  FLIGHT  CONDITION' 

PRINT 

1  50 

PRINT  "3  -  PR  I  NT  AMAT  AND  BMAT " 

PRINT 

V 

1  <60 

PRINT  -4  -  END- 
PRINT 

PRINT 

,  4 

I  70 

PRINT  "ENTER  OPTION  --> 

1 

i 

l 

I 

1- 

1  80 

GET  A 

PRINT  A 

1  90 

ON  A  GOTO  200 , 1 040 , 1 740 , ? 1 30 

4 

20  0 

RFM  DERIVATIVES 

L’t  ;  'nPbN  A7-D.L2&  ,02 


J  n 

FUP  I  = 

0  TO  9 

PPINT 

:  INPUT 

:  NFVT 

C>*  ;  -  READ  A7-D.R"  ;  I 

cm 

PRINT  0* ; 'CLOSE  A7-D' 

INPUT  ' 

:  PRINT 

ENTER  LOAD  FACTOR  --> 

260 

IF  A  s 

3  THEN  1 780 

2  70 

PRINT  D* 

:  PRINT  D*;“PR*1' 
:  PRINT  CHR*  <15> 


280 

I  F  AN  > 

1  THEN  350 

290 

PRINT  D* 

; "OPEN  A7-D.L20 ,D2* 

300 

R  =  10 

310 

FOR  I  = 

10  TO  103 

320 

PRINT 

D*  j  *  READ  A7-D,R* ;R 

INPUT  C< I ) 
R  =  R  ♦  1 


NEXT 


330  PRINT  0$ i *  CLOSE  A7-0' 


340  GOTO  440 


350  INPUT  'STORAGE  RECORD  YOU  WANT  TO  START  AT " ; R 


360  PRINT  D*;’OPEN  A7-D,L20,D2' 


370  FOR  I  =  10  TO  41 


380  PRINT  D* ; ' READ  A7-D,P';R 

:  INPUT  C  < I  ) 

:  R  -  R  ♦  1 

:  NEXT 


390  FOR  I  =  46  TO  57 


400  PRINT  D* ; ' READ  A7-D,R'jR 

INPUT  C(I) 

:  R  =  R  ♦  1 

:  NEXT 


410  FOR  I  =  63  TO  103 


420  PRINT  D* ; ' READ  A7-D,R';R 

:  INPUT  C( I ) 

:  P  =  R  ♦  I 

:  NEXT 


PMN'  PE; "CLOSE  A7  -0 


440  GGSUB 


450  POKE  36,23 

:  PRINT  "DERIVATIVE"; 

:  POKE  36,45 

:  PRINT  -STABILITY  AXIS'; 
:  POKE  36,64 
:  PRINT  'BODY  AXIS"; 

:  POKE  36,86 
:  PRINT  ’DERIVATIVES* ; 

:  POKE  36,108 
:  PRINT  “STABILITY  AXIS"; 
:  POKE  36,12? 

:  PRINT  -BODY  AXIS" 

:  PRINT 
:  PRINT 


460  POKE  36,15 
;  PRINT  "CL"; 

:  POKE  36,45 
!  PRINT  C<  32)  ; 
:  POKE  36,78 
:  PRINT  " CYB" ; 
:  POKE  36,108 
;  PRINT  C< 1 7)  ; 
:  POKE  36,127 
:  PRINT  C(  1  7) 


470  POKE  36,15 
:  PRINT  -CLV 
:  POKE  36,45 
:  PRINT  C ( 33 ) 
:  POKE  36,78 
:  PRINT  -CYP- 
:  POKE  36,108 
:  PRINT  C ( 20 ) 
:  POKE  36,127 
:  PRINT  C  (  46  > 


480  POKE  36,15 

;  PRINT  "CLA  (CL  ALPHA)"; 
:  POKE  36,45 
:  PRINT  C( 1 2;  ; 

:  POKE  36,78 
:  PRINT  '*  CYR"  ; 

:  POKE  26,108 
:  PRINT  C( 21 ) ; 

:  POKE  36,127 
:  PRINT  C ( 4  7 ) 


490  POKE  36,15 

;  PRINT  "CLAD  'CL  ALPHA  DO r > ■ ; 
:  POKE  36,45 
:  PRINT  C( 34) ; 

:  POKE  36,78 

:  PRINT  -CYOR  (Ct  C'EI.Tm  RUDDER 
:  POKE  3a, 100 


*  *  i  l  r.  r  u  i ' 


PRINT  *  C  L  C  t  ■  r.  '  I'l.Th  ELEVATOR 
f'uH?.  36,4V 
I  ►  J  T 

F  C.i*-  E  36,70 

•  clb  •  roll  due  to  beta>" 

F-OhF  36,10- 
*  R  I  NT  C -  ? 2  >  ; 

Pi>E  36  ,ir 
P  I  N  T  C  -  4  0  • 


POKE  -•  ,  1 
PRINT  'CD"; 
POKE  36,4V 
PRINT  C  <  3 b  '» 
POKE  36,78 
print  "CLR" 
Pf'-F  ?6,I0-: 
ppirjT  c<:v- 
P|>  E  3‘.  ,137 
print  r  > 4 v  . 


-.30  POKE  36,15 
:  PRINT  mCWm 
:  POKE  36,45 
:  PRINT  C 1  3  6 ^ 
:  POKE  36,76 
:  PRINT  " CL  R " 
:  POKE  36,106 
:  PRINT  C  <?■-•> 
:  POKE  3c , 1 2 7 
:  PRINT  C ‘ 50 > 


54*<  Fur  E 

:  PRINT  “  CC’A  if[-  mLPFKi  )  "  ; 

:  POKE  36,45 
:  PRINT  C<  37)  ; 

:  POKE  36,70 

:  PRINT  "CLDR  (CL  DELTA  RUDDER)" 
:  POKE  36,100 
:  PRINT  C<  23  *  ; 

:  POKE  36,127 
:  PR  I  NT  C  <  5  I  > 


POKE  36,15 


i  PINT  Ci'L'F.  1  :■  PEL  !•-  f  U'.'mTO 
‘mm- 

m.  I  NT  C  38  1  ; 

POKE  36,78 

PRINT  -rM.'A  (CL  DELTA  AILERON 
POKE  36,108 
PRINT  C<24>; 

POKE  36,127 
PRINT  C<52> 


5M*  POKE  36,15 

:  PRINT  ’CMV"  ; 
:  POKE  36,-45 
:  PRINT  C ( 39 ) ; 
:  POKE  36,64 
:  PRINT  C<  3R>  ; 
:  POKE  36,78 
;  PRINT  "CNB"; 
:  POKE  36,108 
:  PRINT  C<  27)  ; 
:  POKE  36,127 
:  PRINT  0(53) 


570  POKE  36,15 

:  PRINT  "CMA  (CM  ALPHA)’; 
;  POKE  36,45 
:  PRINT  C( 10)  ; 

:  POKE  36,64 
:  PRINT  C< 1 0 ) ; 

:  POKE  36,78 
:  PRINT  “ CNP " ; 

:  POKE  36,108 
;  PRINT  C ( 30 ) ; 

:  POKE  36,127 
:  PRINT  L  (  54  > 


580  POKE  36,15 

:  PRINT  ’CMAD  (CM  ALPHA  DOT  >  ’  ; 
:  POKE  36,45 
:  PRINT  C( 4 1  )  ; 

:  POKE  36,64 
:  PRINT  C(41 - ; 

:  POKE  36,78 
:  PRINT  "CNR" ; 

:  POKE  36,108 
PRINT  C  ■  31  •  ; 

:  POKE  36,127 
:  PRINT  C< 55- 

Tvfl  POKE  36,15 

:  PRINT  ’ CMQ “ ; 

:  POKE  36,45 
:  PRINT  C ( 1 4 ) ; 

:  POKE  36,64 
:  PR  HIT  C'|4i; 

:  f'l'M  (6,78 
:  PRINT  -CNI'R  | 

:  POKf  ;-6,|0P 
:  F  R INI  i  1  .  -  •  <  ■ 

:  F  ‘  M 


ON  DE  l  TA  RUDDER) 


:  PR  INI  ['56' 


POKE  36,15 

PRINT  "CNDE  (CM  DELTA  ELEVATOR)" 
POKE  36,45 
PRINT  C( 1  I  )  ; 

POKE  36,64 
PRINT  C<11); 

POKE  36,78 

PRINT  " CNDA  <CN  DELTA  AILERON)"; 
POKE  36,108 
PRINT  C<  29)  ; 

POKE  36,127 
PRINT  C <  57 ) 


POKE  36,15 

PRINT  ' CMDT  (CM  DELTA  THROTTLE)" 
POKE  36,45 
PRINT  0; 

POKE  36,64 
PRINT  0 


PRINT  CHR*  (12) 
:  Z  =  2 
:  GOSUB  930 


POKE  36,23 

PRINT  •DERIVATIVES”; 
POKE  36,45 
PRINT  "BODY  AXIS" ; 
POKE  36,86 

PRINT  'DERIVATIVES"; 

POKE  36,115 

PRINT  "BODY  AXIS" 

PRINT 

PRINT 


POKE  36,15 
PRINT  'XV'; 

POKE  36,45 
PRINT  C ( 94 )  ; 

POKE  36,78 

PRINT  *YB  (SIDE  FORCE  DUE  TO  BET 
POKE  36,115 
PRINT  C ( 63) 


POKE  36,15 

:  PRINT  "XA  (X  ALPHA)"; 
:  POKE  3o , 45 

:  PRINT  C<  95)  ; 

:  POKE  36,78 
:  PRINT  “ YP ” ; 
i  POKE  36,115 
:  PRINT  C<  66 ) 


POKE  36,15 

PRINT  " XAD  (X  ALPHA  DOT)"; 
POKE  36,45 
PRINT  C( 96) ; 

POKE  36,78 


POE  3*,  45 
PRINT  C<  1  0? ■  ; 

POKE  36,73 

PRINT  "LDA  <L  DELTA  AILERON)" 
POKE  36,115 
PRINT  C ( 72  > 


740  POKE  36,15 

:  PRINT  “ 2 DE  <2  DELTA  ELEVATOR) 
:  POKE  36,45 
:  PRINT  C< 1 03) ; 

:  POKE  36,78 
:  PRINT  "NB"  ; 

:  POKE  36,115 
:  PRINT  C ( 73 ) 


750  POKE  36,15 

:  PRINT  " 2 DT  (2  DELTA  THROTTLE) 
i  POKE  36,45 
:  PRINT  0; 

:  POKE  36,78 
:  PRINT  "NP-; 

:  POKE  36,115 
:  PRINT  C <  74  > 


760  POKE  36,15 
:  PRINT  "L" ; 

:  POKE  36,45 
:  PRINT  C ( 84 )  ; 
:  POKE  36,78 
:  PRINT  ’NR" j 
:  POKE  36,115 
:  PRINT  CC75) 


770  POKE  36,15 
:  PRINT  " LV -  ; 

:  POKE  36,45 
:  PRINT  C< 65)  ; 

:  POKE  36,78 

:  PRINT  "NOR  <N  DELTA  RUDDER)-; 
;  POKE  36,115 
:  PRINT  C <  76 ) 


760  POKE  36,15 

:  PRINT  "LA  <L  ALPHA)"; 

;  POKE  36,45 
:  PRINT  CC80 ) ; 

:  POKE  36,78 

:  PRINT  -NOA  iN  DELTA  AILERON)- 
:  POKE  36,115 
:  PRINT  C  <  1  7  ) 


790  POKE  36,15 

:  PRINT  "LAD  <L  ALPHA  DOT)-; 
:  POKE  36,45 
:  PRINT  C  T  8  6 ) 


800 


POKE  36,15 
:  PRINT  -L0-  ; 
:  POKE  36,45 


PRINT  CV3) 


31  0 

POKE  36,15 

PRINT  “ LDE  <L  DELTA 
POKE  36,45 

PRINT  C<  81  > 

ELEVATOR ) - ; 

820 

POKE  36,15 

PRINT  ■MV  ; 

POKE  36,45 

PRINT  C<  91  > 

830 

POKE  36,15 

PRINT  "MA  <M  ALPHA)" 
POKE  36,45 

PRINT  C <  78 ) 

» 

840 

POKE  36,15 

PRINT  "MAO  <M  ALPHA 
POKE  36,45 

PRINT  C  <  93 ) 

DOT) -  ; 

850 

POKE  36,15 

PRINT  “MQ“ ; 

POKE  36,45 

PRINT  C<  82) 

860 

POKE  36,15 

PRINT  ’ MDE  CM  DELTA 
POKE  36,45 

PRINT  C <  79 ) 

ELEVATOR) *  ; 

870 

POKE  36,15 

PRINT  "MOT  ( M  DELTA 
POKE  36,45 

PRINT  C <  92 ) 

THROTTLE)"  ; 

880 

PRINT  CHR*  < 1 2) 

890 

PRINT  D* 

PRINT  Dt['PRM8' 

PRINT  Dt;"IN*»0" 

900 

INPUT  "ANOTHER  CONDITION  ( Y/N  > 

910 

IF  At  =  “Y*  THEN  250 

920 

GOTO  90 

930 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

940  IF  Z  =  2  THEN  POKE  36,50 

*  :  PRINT  "OIMENS! ONAL  STABILITY  AND  CONTROL  DERIVATIVE 

S“ 

*  :  PRINT 

*  :  PRINT 


=  2  THEN  970 


950  I F  7 


960  POKE  36,50 

:  PRINT  "NON  DIMENSIONAL  STABILITY  AND  CONTROL  DERIVA 
T IVES" 

:  PRINT 
:  PRINT 


9  70 

POKE  36,15 

PRINT  "  ALTITUDE 

"  ;C<  0  > 

980 

POKE  36,15 
PRINT  " 

MACH 

" ;C< 1 > 

990 

POKE  36,15 
PRINT  " 

WEIGHT 

" ;C( 9) 

1000 

POKE  36,15 
PRINT  " 

CG 

" ;C<B) 

10  10 

POKE  36,15 
PRINT  "LOAD 
PRII  T 

PRINT 

FACTOR 

"  ;  AN 

1020 

POKE  36,40 

PRINT  "LONGITUDINAL" ; 


POKE 

36,100 

: 

PRINT 

"LATERAL-DIRECTIONAL" 

1030 

RETURN 

1040 

INPUT 

"ENTER  LOAD  FACTOR  — >";AN 

1  050 

PRINT 

0* 

PRINT 

D*  ; 

"OPEN  A7-D , L20 , D2" 

1060 

PRINT 

D*j 

"READ  A7-D.R" ; 998 

: 

INPUT 

N2 

1070 

PRINT 

D*; 

"READ  A7-D.R" ;999 

INPUT 

S 

1080 

PRINT 

D*; 

"READ  A7-D.R" ; 1000 

INPUT 

N3 

1090 

PRINT 

D*  ; 

"CLOSE  A 7- D “ 

1  100 

R  =  0 
FOR  I 

=  1 

TO  N2  STEP  S 

R  - 

R  ♦ 

1 

1110 

IF  AN  = 

I  then  B  =  r 

1  1  20 

NEXT 

1  1  30 

N4  O  N3  / 

1  3 

I  1 40  n5 


1000  ♦  N3 


N  4  •  ? 


1  1  5* 

PRINT 

print 

I  1  60 

PRINT 

D* 

PRINT 

0* ; " PR# I ‘ 

PRINT 

CHR*  <I5> 

1  1  70 

PRINT  9* ; " OPEN  A?-D,L20,D2” 

1  1  80 

R  =  901 

FOR  J  = 

1  TO  N4 

PRINT 

D*  ;  "READ 

A7-D,R“ ;R 

INPUT 

BE<  J) 

R  =  R 

♦  3 

NEXT 

1  1  90 

R  =  90  2 

FOR  J  = 

1  TO  N4 

PRINT 

D* ; " READ 

A7-D.R" ;R 

INPUT 

DR<  J> 

R  =  R 

♦  3 

NEXT 

1  200 

R  =  903 

FOR  J  = 

1  TO  N4 

PRINT 

D*  ;  "READ 

A7-D.R'  J  R 

INPUT 

0A<  J) 

R  =  R 

♦  3 

NEXT 

1210 

R  =  1001 

FOR  J  = 

1  TO  N4 

PRINT 

0*  ;  "READ 

A7-D,R" ; R 

INPUT 

AN  C  J  ) 

R  =  R 

♦  i 

NEXT 

I  220 

R  =  R  ♦ 

2  *  N4 

FOR  J  = 

1  TO  N4 

PRINT 

0* ; “READ 

A7-D , R " ; R 

INPUT 

DS(J> 

R  =  R 

*  1 

NEXT 

1  230 

FOR  J  = 

1  TO  fM 

PRINT 

0*  •,  "  READ 

A?-D , P " ; R 

INPUT 

F  <  J  > 

P  =  R 

*  1 

NEXT 

1  240 

FOR  J  = 

1  TO  N4 

PRINT 

D*  ;  "READ 

A  7-D , R “  i R 

INPUT 

NB  <  J  ) 

R  =  R 

♦  1 

NEXT 

1  250 

R  =  R  ♦ 

N4 

POP  J  = 

1  TO  N4 

PRINT 

0* ; "READ 

A7-D ,R"  ;  R 

21  f, 


I 


> 


( 


inpui  pp  *.  J  ■ 


R  =  P  ♦  1 

J 

L( 

NEXT 

» 

I  260 

FOR  J  =  1  TO  N4 

PRINT  D*;"READ  m7-D,R-;R 
INPUT  qe<j> 

R  =*  P  *  1 

NEXT 

A 

1270 

FOR  J  =  l  TO  N4 

Rj 

( 

PRINT  D*  J " READ  A7-D,R";R 
INPUT  RE^> 

R  =  R  ♦  1 

NEXT 

1  280 

FOR  J  =  i  TO  N4 

i 

PRINT  D* ; " READ  A7-D,R‘;R 
INPUT  AE ( J ) 

R  =  R  +  1 

1 

NEXT 

1  290 

PRINT  D* ; ‘ READ  A7-D,P";0 

INPUT  H 

1  300 

PRINT  DS ; “ READ  A7-D,R“|I 

t 

INPUT  IMN 

1 

1310 

PRINT  D* ; " READ  A7-D,R";58 
INPUT  IT 

PRINT  0* ; " CLOSE  A7-D" 

i 

1  320 

DR  =  57.29577951 

I 

1  330 

21  =  1000 

1 

1  340 

FOR  J  =  1  TO  N4 

1  350 

BE  <  J  >  =  BE  <  J  >  ♦  DR 

1  360 

BE  <  J)  =  FN  R <  BE ( J  > > 

< 

1  370 

DRCJ)  =  DR<  J )  *  OR 

1 

1  380 

DR( J )  =  FN  R<  BR<  J  )  > 

1  390 

DA<J>  =■  C'ACJ)  ♦  DR 

14  0  0 

Dm  <.  VJ  >  =  F 1 1  R  (  Cm  (  J  >  ) 

» 

14  10 

F< J)  =  F <  J )  *  DR 

1 

1420 

F< J)  »  FN  R<  F  <  J  > > 

1  430 

N8<J>  =  FN  R < NP ( J ) ) 

1  440 

PE  <  J  )  =■  PE  <  J  )  «  1  R 

• 

1  450 

PF  '  J  >  =  FN  R  (  F’E  C  J  >  1 

1 

i 

«.  1  ' 

1 

1  <460 

QE •  J  >  = 

QE  <  J  )  *  L*P 

1  4  70 

OE  <  J  )  = 

FN  R ( QE . J ) ) 

1  480 

RE ( J )  « 

RE  <  J  >  »  DR 

1  490 

RE<J>  « 

FN  R ( RE  <  J  >  > 

1  500 

AE  <  J  )  a 

AE  <  J  >  *  DR 

1510 

AE  (  J  )  a 

FN  RCAE(J') 

1520 

DSCJ)  a 

<DS<J>  ♦  IT) 

1  530 

DS<  J  >  a 

FN  R(DS( J) > 

1  540 

NEXT 

1  550 

POKE  36,23 

PRINT  'ALTITUDE:  ";H 

1  560 

POKE  36,23 
PRINT  " 

MACH :  " ; IMN 

1570 

PRINT 

PRINT 

:  POKE  36,23 

:  PRINT  *  BODY  AXIS  EQUILIBRIUM  VALUES* 
:  PRINT 
:  PRINT 


1580  POKE  36,24 

:  PRINT  " LOAD" ; 

:  POKE  36,34 
:  PRINT  "ANGLE  OF" ; 
:  POKE  36,46 
:  PRINT  "SIDESLIP"; 
:  POKE  36,58 
:  PRINT  "BANK"  ; 

:  POKE  36,69 
:  PRINT  "ROLL"; 

:  POKE  36,79 
:  PRINT  "PITCH"; 

:  POKE  36,91 
:  PRINT  "YAW" ; 

:  POKE  36,101 
:  PRINT  "ELEVATOR"; 
:  POKE  36,115 
:  PRINT  "RUDDER"; 


1590  POKE  36,128 

:  PRINT  "AILERON- 


1600  POKE  36,23 

i  PRINT  "FACTOR"; 
:  POKE  36,35 
:  PRINT  "ATTACK"; 
:  POKE  36,47 
:  PRINT  "ANGLE"; 

:  POKE  36 , 58 


218 


PRINT  "  ANAL  E  "  ; 
POKE  36,69 
PRINT  "RATE"; 

POKE  3a, ?9 
PRINT  " PATE" i 
POKE  36,91 
PRINT  "RATE"; 

POKE  36,100 
PRINT  "DEFLECTION 


POKE  36,114 
PRINT  "DEFLECTION 
POKE  36,127 
PRINT  "DEFLECTION 


POKE  36, 
:  PRINT  "< 
:  POKE  36, 
i  PRINT  *( 
POKE  36, 
PRINT  ■< 
POKE  36, 
PRINT  "< 
POKE  36, 
PRINT  *< 
POKE  36, 
PRINT  "( 
POKE  36, 
PRINT  "< 
POKE  36, 
PRINT  "( 


25 
G>"  i 
35 

DEG)  "  j 
47 

DEG) "  ; 

58 

DEG)  "  ; 

67 

DEG/SEC) 

77 

DEG/SEC) 

89 

DEG/SEC) 

102 

DEG)  "  : 


POKE  36,116 
PRINT  " <  DEG ) 
POKE  36,129 
PRINT  "(DEG) 


PRINT 

PRINT 

FOR  J  = 

I 

TO 

POKE 

36  , 

,  25 

PRINT 

an<  j: 

POKE 

36, 

,  35 

PRINT 

AE(  j: 

POKE 

36  , 

,47 

PRINT 

BE  <  J 

POKE 

36  , 

,58 

PRINT 

F  ( 

J)  ; 

POKE 

36, 

69 

PRINT 

pec  j: 

POKE  36,79 
PRINT  QE  C  J ) 
POKE  36,91 
PRINT  RE <  J  > 
POKE  36,102 
PRINT  DSCJ) 
POKE  36,116 
PRINT  DRCJ) 


16  78  POKE  36,12V 
:  PRINT  DA(J) 


1 688  NEXT 


1698  PRINT 
:  PRINT 
:  POKE  36,23 

:  PRINT  "NOTE:  LOAD  FACTOR  IS  IN  STABILITY  AXES" 


1700  PRINT  0* 

:  PRINT  D*  ;  ' PR#0 ■ 
:  PRINT  D*;"1N#0" 


1710  PRINT 

:  INPUT  "ANOTHER  CONDITION  ( Y /N  >  ?  "  ;A* 
:  IF  At  =  "Y*  THEN  1040 


1720  GOTO  98 


1  730  END 


1740  PRINT 

:  INPUT  "STORAGE  RECORD  YOU  WANT  TO  START  AT " ; R 


1750  INPUT  "ENTER  THE  ORDER  OF  DESIRED  AMAT  -->  * ;N 


1760  Z1  =  100000 


1770  GOTO  210 


1780  PRINT  0* 

:  PRINT  DS;  "PR#1  * 
:  PRINT  CHR*  ( 1 5> 
:  PRINT  CHR*  (12) 


1790  PRINT  D* : "OPEN  A7-D.L20 ,D2" 


1  800  FOR  I  =  1  TO  N 


1810  FOR  J  =  1  TO  N 


1820  PRINT  OS  j " READ  A7-0,R";R 

:  INPUT  A< I , J) 

:  R  =  R  ♦  1 

:  NEXT 

:  NEXT 


1 838  FOR  I  =  1  TO  N 


1840  FOR  J  =  1  TO  3 


1850  PRINT  ;  " READ  A7-D,R";R 

:  INPUT  8(1  , J  > 

1  R  “  R  ♦  1 

NEXT 
:  NEXT 


I860  PRINT  D* ; "CLOSE  A7-D" 


220 


I  970 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

1  880 

POKE  36,15 

PRINT  -  ALTITUDE  : 

"  ;  C  <  0  ) 

1  890 

POKE  36,15 

PRINT  "  MACH  : 

‘ ;C( 1 > 

1  900 

POKE  36,15 

PRINT  -  WEIGHT  : 

■ ;C<9> 

1910 

POKE  36,15 

PRINT  "  CG  : 

•  ;  C<  8) 

1  920 

POKE  36,15 

PRINT  'LOAD  FACTOR  : 

■  ;  AN 

1  930 

PRINT 

PRINT 

1940 

POKE  36,6  *  N 

PRINT  'A-MATRIX* 
PRINT 

PRINT 

1  950 

I  =  1 

1  960 

FOR  J  =  1  TO  N 

1  970 

AM  (  I  ,  J  )  =  FN  R  <  A  (  I 

j>  > 

1  980 

POKE  36,12  «  J 
PRINT  AM <  I  , J)  1 

NEXT 

1  990 

PRINT 

2000 

• 

• 

IF  I  =  N  THEN  PRINT 
:  PR  I  NT 

GOTO  2020 

20  1  v 

1  =  1*1 

:  GOT  u  1  9-6  0 

20  20 

POKE  36,24 

PRINT  • B -MATRIX" 
PRINT 

PRINT 

2030 

I  =  I 

2040 

FOR  J  =  1  TO  3 

20  50  HM(  1,7'  - 


FN  PUN  [  ,  J>  > 


2  0  6  0 

POKE  <5,12  *  7 

PRINT  BfH  I  ,J)  ; 

NEXT 

20  70 

PRINT 

20  80 

• 

* 

IP  I  =  N  THEN  PRINT 

PRINT 

GOTO  2100 

20  90 

1  =  1*1 

GOTO  2040 

2!  00 

PRINT  D* 

PRINT  D*;'PRM0‘ 

PRINT  D*  ;  *  I Nt*0  ‘ 

2110 

INPUT  ‘ANOTHER  CONDITION  <Y/N> 
IF  A*  =  "V"  THEN  1 740 

2120 

GOTO  90 

2130  END 


I 


Eigenvector 

This  program  uses  the  numerator  method  to  orx'iput  e 
transfer  f mictions.  Ttie  magnitude  and  phase  angle  of 
the  eigenvectors  are  also  computed. 


¥  ' 


eigenv< ictors  f rar, 

each  (xxigonent  of  . 

»■ 

1 

. 

1 

( 

. 

I 

I 

I 


L  I  or '  l>.‘EC  TOP 


1  D*  =  CHPt  (4. 


2  HOME 

:  PRINT  CHR*  (12) 
:  PRINT 


10  REM  CALCULATES  EIGENVECTORS  USING  NUMERATOR  METHOD 


20  REM 


30  REM  BY  JEFFREY  R.  RIEMER 


40  REM  26  DECEMBER  1983 


50  D*  =  CHR*  <  4 ) 

:  REM  CTRL-D 


60  PRINT  D* ; " PRH3" 


70  PRINT  CHR*  (I 2> 

:  PRINT 


80  INPUT  'ENTER  SYSTEM  ORDER  -->  ";N 


90  DIM  RE(N , 1 5)  , 1M(N , I  5)  ,2 (N  ♦  1),G<N  ♦  !>,GK(N  +  I  )  ,AR 
<N,N),AI(N,N>,ER(N,N),EI(N,N> 


91  B  =  1 


100  PRINT 


110  PRINT  'ENTER  THE  VALUE  OF  THE  ROOT  BEING  USED  TO  EVA 
LUATE  THE  NUMERATORS" 


120  PRINT 

:  PRINT  " REAL , I MAG  I NARY 


130  INPUT  RE<0 ,0) , IM( 0 ,0 i 


140  PRINT 


145  IF  O  =  I  THEN  GOTO  1100 


150  PRINT  "ENTER  THE  NUMBER  OF  THE  NUMERATOR  BEING  EVALU 
AT  ED" 


160  PRINT 

:  PRINT  'NUMERATOR  NUMBER 


170  INPUT  G<  B  > 


175  G  =  G< B) 


176  P  =  G 


1  80 


PRINT 


1  '■<  1 

PRlriT  "ENTER  THE  NUMERATOR  GnUr 

1  82 

PRINT 

:  PRINT  "NUMERATOR  GAIN  •; 

1  83 

INPUT  GK(B> 

:  PRINT 

1  85 

GK  =  GK(B> 

1  90 

PRINT  ” ENTER  THE  NUMBER  OF  ZEROES  IN  THIS  NUMERATOR- 

1  95 

PRINT 

:  PRINT  -  HOU1  MANY  ZEROES  "i 

200 

INPUT  Z<B> 

21  0 

PRINT 

:  PRINT  "ENTER  THE  VALUE  OF  EACH  ZERO" 

220 

PRINT 

i  PRINT  -  REAL,  I MAG I NARY  * 

230 

PRINT 

240 

FOR  I  =  1  TO  Z  <  B  > 

250 

PRINT  -  2  C ; 0 ; - , * ; I  ; * )=  *  ; 

260 

INPUT  RE(G, I > , IM(G, I > 

270 

NEXT 

280 

PRINT 

290 

INPUT  -ARE  ALL  ENTRIES  CORRECT  C  Y/N )  ‘ 

;  A* 

300 

IF  A*  =  -N-  THEN  210 

305 

MR  =  1 
:  MI  =  0 

310 

GOSUB  2000 

417 

PRINT 

420 

INPUT  "GO  YOU  WANT  TO  EVALUATE  ANOTHER 

N  )  N  ;  A* 

NUMERATOR  O' 

430 

IF  A*  =  -N"  THEN  999 

435 

PRINT 

440 

INPUT  "00  YOU  WANT  TO  USE  THE  SAME  ROOT 

<  Y/N)  9  -  ;A* 

450 

IF  A*  *  " N "  THEN  470 

460 

B  -=  B  *  1 
:  GOTO  150 

■170 

GOSUB 

!  00  0 

480 

GOTO 

1  10 

999 

GOSUB 

END 

1  000 

1000 

PRINT 

PRINT 

1005  INPUT  "WHICH  MODE  IS  THIS  EIGENVECTOR  FOR’  “ ; B» 
I  PRINT 


1006  PRINT  D*;"PR*5' 


1010  PRINT  -THE  EIGENVECTOR  FOR  THE  *  1 8* ; "  MODE" 
:  PRINT 


1020  PRINT  -ELEMENT-; 

:  POKE  36,15 
!  PRINT  "REAL”; 

:  POKE  36,30 
:  PRINT  “IMAGINARY" 


1030 

PRINT 

1  040 

FOR  I  = 

1 

TO  N 

1050 

PRINT 

■ 

■ ;  i ; 

POKE 

36, 

1  5 

PRINT 

■  ( 

• ;ER< 1  ,  I  ) 

POKE 

36  , 

27 

1 

PRINT 

"  ♦ 

j  <  -  ;  E I  <  1 

1060 

NEXT 

1061 

PRINT  D*;-PR#3" 

106? 

0  =  1 

: 

PRINT 

1063 

RETURN 

1065 

PRINT 

10  70 

END 

1  1  00 

PEM 

1  1  05 

FOR  8  “  1  TO  P 

1  106 

MR  -  1 

: 

MI  -  0 

1110 

G  ■=  G  <  B  ) 

: 

GK  -  GK(B> 

1  1  20 

GOSUB  2000 

1  1  40 

NEXT 

226 


1145  60SUB  ieeo 


114  6  INPUT  “DO  YOU  LI  ANT  TO  EVALUATE  ANOTHER  ROOT’ 


1147  IF  At  =■  -N"  THEN  END 


1148  GOTO  110 


1 1 50  END 


2000  REM  COMPLEX  ALGEBRA 


2010  FOR  1  =  1  TO  2 ( B> 


2020  AR<  G , I )  =  RE<0,0>  -  RE ( G , I ) 


2030  AI<G,I>  =  1M<8,0)  -  1M( G , I ) 


2040 

NR  =  MR 

*  AR(G, I >  -  MI 

*  AI  (G 

20  50 

N I  =  MR 

*  A I  <  G  ,  I  >  +  MI 

*  AR  (  G 

20  60 

MR  =  NR 

20  70 

MI  »  N I 

2080 

NEXT 

2090 

ER< 1  ,G)  = 

MR  *  GK 

2100 

El < 1 ,G>  = 

MI  *  GK 

21  1  0  RETURN 


"  ;  At 


Other  Programs 


The  other  programs  wo re  used  to  support  this  thesis.  A  fortran 
program  to  obtain  eiaonvectors  using  the  IMSL  routine  ETGFR  [Ref  13]. 

The  program  used  to  obtain  the  transfer  functions  was  "Gontrol"  [Ref  6]. 


Appendix  E 

General  Aircraft  Information 


j 

I 

1 

J 

\ 

j 

I 


Table  El 


GENERAL  AIRCRAFT  INFORMATION 

The  dimension  and  design  data  were  extracted  fran  LTV  Report  No.  253320/ 
8R-8089 . 

GENERAL  DIMENSIONS 

Length  (not  including  test  bocm)  46.18  ft 

Height  over  highest  part  of  tail  (static)  16.06  ft 


Wing: 

Area  375  ft* 

Span  38.73  ft 

Span,  wings  folded  23.77  ft 

Aspect  ra  t i o  4.0 

Taper  ratio  0.25 

Sweep  of  1 '4  chord  35  deg 

Geometric  twist  0  deg 

Dihedral  -5  deg 

Incidence  -1  deg 

Root  chord  15.49  ft 

Tip  chord  3.87  ft 

Mean  geometric  chord  length  10.84  ft 


Trailing  Edge  Flaps: 

Tyjje  S  i  ng  1  e  slot  ted 

Area,  each  21.74  ft* 


^Mean  gix^in  tric  chord  (MGC)  and  mean  oemlyrmnio  chord  (MAC)  are  used 
i nterehunqoabl y . 


Max  Lmirn  do  f  lec  t  ion 
Cl  lord 

Leading  Edge  Flaps : 

Area 

Inboard  sections 
Outboard  sections 
Chord 

Inboard  section 
Outboard  section 

Ailerons : 

Type 

Spanwise  range  (inboard/outboard) 

Chord 

Area,  total 
Deflections 

Spoilers: 

Spanwise  range 

Chord  ( inboard/outboard ) 

Area  ( both  s ide  s ) 

Deflection 

Vertical  Stabilizer,  Not  Including  Dorsal: 
Area  ( root  chord  at  WL  97) 

Span 

Mean  gecmetric  cliord  lerxjth 


40  deg 

22.55-pct  wing 
chord 


18.36  ft2 
18.88  ft2 

1.01  ft 
8-pct  MAC 

Plain  sealed 

59.69  to  90.34  pet 
semispan 

25-pct  wing  chord 

19.94  ft2 
±25  deg 

28.94  to  43.46  pet 
semispan 

0.839/0.804  ft 

4.60  ft2 

60  deg  TEU 

115.2  ft2 
12.86  ft 
10.20  ft 


Tail  Length  (25-pct  wing  MGC  to  25-pct  tail 
MGC) 


13.49  ft 


Rudder : 


Type 

Plain  sealed 

Area 

15.04  ft2 

Deflections 

Flaps  up 

±6  deg 

Flaps  down 

t24  deg 

Horizontal  Stabilizer: 

Area  (including  37.56  ft2  in 

fuse lage ) 

93.75  ft2 

Span 

18.14  ft 

Asjwct  ratio 

3.50 

Taper  ratio 

0.148 

Svveopback  of  1/4  chord 

45  deg 

Dihedral 

5.42  deg 

'‘lean  geometric  chord  length 

6.12  ft 

Tail  length  (25-pct  wing  MGC 
MGC) 

to  25-pct  tail 

16.18  ft 

Deflections 

THU 

26.5  deg 

TED 

6.75  deg 

Srjeed  Brake : 

Hinge  point 

Fuselage  station 
368.0 

Waterline  58.25 

Area 

25  ft2 

Deflection 


60  deg 


Fuselage : 


Length 

Max  cross-sectional  area 
Outside  height 
Outside  width 


46.18  ft 
30.81  ft2 
7.20  ft 
4.88  ft 


Store  Stations; 

Fuselage  Capacity 


Number 

Station* 

Baseline* 

(lb) 

Wet 

1  &  8 

473.3 

136.6 

3,500 

Yes 

2  &  7 

443.5 

97.2 

3,500 

No 

3  &  6 

434.4 

61.2 

2,500 

Yes 

4  &  5 

384.2 

40.4 

500 

No 

*Fuselage  station  and  baseline  are  at  eg  of 
Mark  29  IC  Sidewinder  missile. 
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Table  E2 

PARAMETER  RANGE  AND 

RESOLUTION 

» 

ri 

Parameters  Recorded  on  Magnetic  Tape 

Range 

Resolution 

> 

► . 

i 

Angle  of  attack  -  nose  boon  vane  (deg) 

-10  to  +30 

.039 

> 

. 

■ 

Angle  of  sideslip  -  nose  boom  vane  (deg) 

±20 

.039  ; 

c 

Roll  attitude  (deg) 

±175 

.342  ( 

Pitch  attitude  (deg) 

±85 

.166 

Roll  rate  (deg/sec) 

±250 

.488 

« 

Pitch  rate  (deg/ sec) 

±60 

.117  i 

Yaw  rate  (deg/sec) 

±20 

.039 

Normal  acceleration  -  eg  (g) 

-  5  to  +10 

.015 

c 

Longitudinal  stock  force  (lb) 

±60 

.117  y 

Lateral  stick  force  ( lb) 

±40 

.078 

Rudder  pedal  force  (lb) 

0  to  ±200 

.39 

i 

Rudder  position  (deg) 

±25 

.049  i 

Aileron  position  (deg) 

±26 

.051 

Unit  horizontal  tail  position  (deg) 

27  TEU 

7  TED 

.033 

.  % 

Event  mirk 

» 

■ 

1 

1 

1, 

1 

1 

' 

. 

1 
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Parameters  Displayed  in  Cockpit  (Flight  Test) 


Range 


Airspeed  -  nose  boon  (kt) 

Altitude  -  nose  boon  (ft) 

Machine  ter  -  nose  boom 

Engine  high  pressure  rotor  speed  ( rpm) 

Normal  acceleration  -  cockpit  (g) 

Speed  brake  position  (deg) 

Tine  correlation  counter 
Maneuver  light 
Calibrate  light 
Tape  record  light 


40  to  650 
0  to  50,000 
0.5  to  1.5 
0  to  110  pet 
-5  to  +10 
0  to  60 
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Figure  F5.  3G  Mechanical  Bode  Plot  for  Alpha  due  to 
Pilot  Elevator  Input 
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Figure  Gil .  Simulated  1G  Mechanical  Tirm 
to  20  1 h  Rudder  Doublet 
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Simulated  1G  Fully  Augmented  Time  Response 
to  Impulse  (Dutch  Roll  Eigenvector  for  1C) 
(Part  II) 
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Figure  ('.31.  Simulated  1G  Mechanical  Time  Res[>onse  to 

Impulse  (Dutch  Roll  Eigenvector  lor  IC)  (Part  II) 
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Figure  G42.  Simulated  2G  Mechanical  Time  Response 

to  5  lh  Aileron  Step  (Part  III  Cross  Coupling) 
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Captain  Jeffrey  R.  Rieiner  was  bom  26  August  1951  in  South  Haven, 
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